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Abstract 
 
After the massive tsunami on 11 March 2011, the explosions at 4 reactors of the Fukushima Dai-
ichi (I) Nuclear Power Stations (Fukushima I NPSs) in Japan led to a large radioactive cloud being 
ejected into the atmosphere. Radionuclides released to the atmosphere were washed out in rain 
causing an area of remarkably high deposition in the area to the northwest of the Fukushima I 
NPSs. Activity remaining in the atmosphere was dispersed further to other areas of Japan. At 
various times during the accident, plumes of contamination were transported from Japan to the 
Pacific Ocean, the North American continent, crossing the Atlantic Ocean to Europe, and 
eventually to Asia. Due to the lack of measurements in three major ecosystem compartments i.e. 
air, soil and surface water, information on the highest impact early-phase after fallout and the 
interpretation of long-term impacts is limited and unclear.  
The transfer of contaminated radionuclides to soil and air around the Fukushima I NPSs was 
studied using ratios of various radioisotopes to the long-lived nuclide 137Cs. It was found that 
ratios of three radionuclides i.e. 134,136Cs and 132Te were consistent with direction and distance in 
air and soil while the ratio 131I/137Cs was not. It was shown that, deposited 131I/137Cs had an inverse 
correlation with 137Cs activity in soil.  
These nuclides were key in forming the high-gamma dose rates in the early phase, particularly 
the high gamma energy of 132I from the 132Te/132I decay. The derived ratios of these key 
radionuclides in soil were used together with available measured gamma dose rates in the early 
phase (<30 days) to develop a model to reconstruct and predict external gamma dose rate. Model 
“blind” tests showed that more than 95% of predictions were within a factor of two of 
measurements from 15 sites to the north, northwest and west of the power station. It is 
demonstrated that generic isotope ratios provide a sound basis for reconstruction of early-phase 
external dose rates in these most contaminated areas. 
For contamination in surface runoff water, lake water and fish, a previous model developed 
following the Chernobyl accident (AQUASCOPE) was applied to the Fukushima situation. It was 
shown that by adjusting for the stronger absorption of radiocaesium in soils in Japan (compared 
with European countries) the model could be used successfully to predict long-term 
contamination in aquatic systems affected by Fukushima fall out. The results of the model showed 
good agreement with measured data, in particular in the long-term period (around 0.5-2 years) 
after the accident. 
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Chapter 1 Contamination following Fukushima accident 
 
1.1 Introduction 
Following the accident at the Fukushima Dai-ichi (I) Nuclear Power Station (Fukushima 
I NPS) on 11 March 2011 (NISA, 2011a), various artificial nuclides were released to 
environmental systems in Japan and around the world.  Radionuclides released to the 
atmosphere were washed out in rain causing an area of remarkably high deposition to the 
northwest of Fukushima I NPSs (S. Endo et al., 2012; Kinoshita et al., 2011). Activity 
remaining in the atmosphere was dispersed further to others areas of Japan, the Pacific 
Ocean, northern America, the Atlantic Ocean, Europe (Lujaniene et al., 2011; Masson et 
al., 2011; Piñero García & Ferro García, 2012) and, finally, back into Asia in the 
beginning of April (Kim et al., 2012; Qiao et al., 2011; Takemura et al., 2011).  
There was also radioactive material released directly from the NPSs into the sea 
(Kawamura et al., 2011; Tsumune, Tsubono, Aoyama, & Hirose, 2012), however, this 
research focuses on the evaluation of the transfers of radionuclides in air around the 
World, the deposition into soil, the contamination in water and fish in freshwater systems, 
and external gamma dose rate in the early and long-term phase.  
1.2 Consequence of the accident at NPSs 
At 14:46 on 11 March 2011, the Great East Japan Earthquake occurred (JST, 2011; NISA, 
2011a).  The 9.0 magnitude earthquake was the biggest ever recorded in Japan. The 
epicenter was approximately 70 km to the east of the Japanese coast (38°6”N and 
142°51”E) at a water depth of 24-km. The earthquake caused the immediate shutdown of 
the reactors at the Fukushima Dai-ichi (I) Nuclear Power Station (Fukushima I NPS), a 
six-unit Boiling Water Reactor (BWR), and automatic operation of the electricity 
generator and cooling systems of Fukushima I NPS. The massive tsunami (> 14 m) 
triggered by the earthquake subsequently reached the east coast of the northern area of 
the main island of Japan and destroyed houses, farms, cars and buildings including 
overwhelming the flood defences of the Fukushima I NPS.  This caused the emergency 
diesel power generators and seawater pumps for the cooling systems to fail at 15.41, less 
than an hour after the earthquake. The failure of the cooling systems led to overheating 
of the cores of three reactor units and the production of hydrogen gas from the high-
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temperature reaction between water and zirconium fuel cladding. A hydrogen explosion 
in the operational floor of reactor building of Unit 1 occurred at 15.36 on 12 March. 
During the next two days, there was an increase of the pressure in the primary 
containment vessel of Unit 3 resulting in an explosion in the reactor building at 11.01. On 
15 March, explosions took a place at Unit 4 and 2 at 6:00 and 6:10 respectively. There 
was no nuclear fuel assembly in Unit 4 for preparation of new fuel replacement (Povinec, 
Hirose, & Aoyama, 2013), the explosion at this unit was consequence from released 
hydrogen of Unit 3. Then, in Unit 4, a part of the wall of the operation floor was destroyed 
at 6.14 and a fire occurred from 9.38 to 11.00. There was white smoke released from unit 
4 on 15 March.  
After the initial explosions, a significant amount of radioactive material was released on 
21 March (Povinec, et al., 2013) which corresponded to the white smoke venting from 
Unit 2 resulting in the high contamination in Kanto and Tohoku regions (region in the 
south direction of Fukushima within the region of Fukushima respectively) during 21-24 
March. Finally, the releases of white smoke occurred in all destroyed Units of Fukushima 
I NPSs on 30 March for Unit 4 and 31 March for Unit 1, 2 and 3. There was no official 
report about the white smoke following the initial explosions, particularly the high 
contamination event on 21 March. However, it has been  suggested that the of white 
smoke was a remelting of Unit 2 nuclear fuel (Povinec, et al., 2013) 
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Table 1-1 Summary of accidental consequences of Fukushima I NPSs 
Date and Time Event Reference 
11/03/2011 14:46 Date of earthquake NISA (2011a) and JST (2011) 
11/03/2011 15:41 The emergency diesel power generators and the pumps 
supplying seawater to the cooling system were stopped 
due to the Tsunami 
JST (2011) 
12/03/2011 15:36 Explosion at Unit 1 NISA (2011a), ISIS (2011) and JST (2011) 
14/03/2011 11:01 Explosion at Unit 3 NISA (2011a), ISIS (2011) and JST (2011) 
15/03/2011 06:00 Explosion at Unit 4 ISIS (2011) 
15/03/2011 06:10 Explosion at Unit 2 NISA (2011a), ISIS (2011) and JST (2011) 
15/03/2011 06:14 Collapsion of building wall at Unit 4 JST (2011) 
15/03/2011 09:38 Fire occurred at Unit 4 NISA (2011a) and JST (2011) 
16/03/2011 N/A White smoke released from Unit 4 NISA (2011a) 
21/03/2011 N/A White smoke released from Unit 2 NISA (2011a) and Povinec et al. (2013) 
30/03/2011 N/A White smoke released from Unit 4 NISA (2011a) 
31/03/2011 N/A White smoke released from Unit 1, 2 and 3 NISA (2011a) 
Note that N/A means time of event was not available 
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1.3 Release amounts of radioactive materials 
Numerous radioactive materials were released to air during this period (JAEA, 2012). 
The isotopes which were most commonly measured were 131I and 134,137Cs, with fewer 
measurements of 132Te/132I and 136Cs (JAEA, 2012; Kanai, 2012; MEXT, 2011a, 2011b; 
Momoshima, Sugihara, Ichikawa, & Yokoyama, 2012; RIKEN, 2011; Stoehlker, 
Nikkinen, & Gheddou, 2011) while 95Nb, 99Mo/99mTc, 110mAg, 129mTe/129Te, 133I, 133Xe, 
140Ba/140La were also released but were more rarely measured (JAEA, 2012; Kanai, 2012; 
Stoehlker, et al., 2011). The total amount of two radionuclides of key importance, 131I and 
137Cs released to the atmosphere have been estimated to be approximately 0.9-1.6×1017 
and 1.0-1.5×1016 Bq respectively (Chino et al., 2011; IRSN, 2011a; Kantei, 2011; NISA, 
2011b). These releases are lower than Chernobyl (UNSCEAR, 2000b) by factors of 13 
and 7 respectively. A compilation of literature estimates of 131I and 137Cs releases and 
comparison with Chernobyl is shown in Table 1.2. From measurement data (and see 
Section 3.3.1 below), the ratio of 134Cs to 137Cs was almost 1 (Kinoshita, et al., 2011; 
Masson, et al., 2011) so that the total amount of 134Cs was close to that of 137Cs. In 
addition, there was a discharge to the Pacific ocean (not from fallout), with total amount 
of 131I and 137Cs, approximately 11×105 and 4×105 Bq released directly from NPSs during 
21 March to 30 April 2011 estimated by Kawamura et al. (2011) and 11.1×105 and 
3.55×105 Bq of 131I and 137Cs respectively released directly during 26 March 2011 to the 
end of February 2012 2011 as was estimated by Tsumune et al. (2012). 
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Table 1-2 Comparison of the estimation of total amount of 131I and 137Cs released during 
the accidents at Chernobyl NPP and Fukushima I NPSs. 
Radioactive 
material 
Total Amount  
(Bq) 
Refference 
Chernobyl   
131I 1.8×1018 UNSCEAR (2000b) 
137Cs 8.5×1016 UNSCEAR (2000b) 
   
Fukushima   
131I 1.6×1017 Kantei (2011) 
 1.5×1017 Chino (2011) 
 1.5×1017 NISA (2011b) 
 9.0×1016 IRSN (2011a) 
Mean 1.4×1017  
   
137Cs 1.5×1016 Kantei (2011) 
 1.2×1016 Chino (2011) 
 1.2×1016 NISA (2011b) 
 1.0×1016 IRSN (2011a) 
Mean 1.2×1016  
 
1.4 Air transport of radionuclides 
1.4.1 The pattern and composition of release plumes during the accident 
In the area around Fukushima I NPSs, the first detection of unusual gamma dose rate 
(0.18 µSv/h, factor of 3 times higher than background) and the first detection of 131I (4.30 
Bq m-3) in air samples were observed on 12 March 2011 at around 8.30 in a site located 
in Shinyonomori, Motooka, Tomioka town approximately 7 km to the southwest of 
Fukushima I NPSs (NISA, 2011c). However, it is clear that the major transport to 
terrestrial systems (Kinoshita, et al., 2011) occurred on 15 March 2011 to the northwest 
of Fukushima I NPSs. At distance of approximately 50 km from Fukushima I NPSs, the 
wind changed direction, moving the plume to the southwest. Following the 15th March 
plume, a smaller release occurred on 21 March. This second plume moved to the South 
for approximately 200-300 km, then change direction away from Japanese soil to the 
Pacific Ocean.  
During the first plume significantly affecting terrestrial systems, there was approximately 
10 mm of rainfall from 17.00 on 15 March to 4.00 on 16 March 2011 (7 hours) in the 
northern area of Fukushima prefecture to about 50 km in north and northwest of 
Fukushima I NPSs. During the second plume, rainfall occurred between 8.00 on 21 March 
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and 6.00 on 23 March (almost 3 days) in southern areas, estimated rainfall being 10-20 
mm within 100-km and  heavier rain (approx. 30 mm)  100-200-km (Kinoshita, et al., 
2011). The reconstruction of the plume release from Fukushima I NPSs and amount of 
precipitation around the NPPs are shown in Figure 1-1 produced by Kinoshita and co-
workers (2011). 
 
 
 
Figure 1-1 Illustration of the passage of air parcel that passed through the Fukushima I 
NPSs and amount of rainfall (Kinoshita, et al., 2011). 
Figure 1-2 shows the nearest continuous gamma dose rate data from the Japan Atomic 
Energy Agency (JAEA), Tokai-mura, Ibaraki prefecture located approximately 120 km 
to the South of Fukushima I NPSs (JAEA, 2012). This shows various peaks in dose rate 
during the weeks after the accident, but these cannot necessarily be linked directly with 
events at the site since the measured data at JAEA are dependent on wind direction.  The 
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first peak event coincides with the highest gamma dose rate (12,000 µSv/h) observed 
inside the 20-km evacuated area at the Front Gate of Fukushima I NPSs on 15 March 
between 6.00 and 12.00.  Monitoring at this site had been continuous since the earthquake 
on 11 March (NISA, 2011a). The continuous monitoring of gamma dose at the Japan 
Atomic Energy Agency (JAEA, 2012) showed five peaks of gamma dose rate (Figure 
3.2). The first peak was the highest by factor of 100 comparing with background level, 
and was the consequence of the first major release plume (north-western plume on 15 
March) occurred at the time of explosion at Unit 4 and 2 (15 March 6:01-6:00). Then, 
there was a slightly lower peak on the day after, when white smoke was released from 
Unit 4. The third peak occurred three days after the first peak, this peak was significantly 
lower than the first peak (no visual sight from NPSs). Then, the gamma dose reached 
almost its highest point in six days after the first peak when the second plume (southern 
plume on 21 March) dominated, this event occurred around the time of white smoke 
release from Unit 2.  On 22 March, the last peak, which also was a consequence of the 
second plume, occurred to the same degree as the previous peak ((no visual evidence of 
release). 
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Figure 1-2 Illustration of the continuous gamma dose rate and precipitation at 4 sites 
(MS-1, MP-11, MP-19 and MP-23) within the  Japan Atomic Energy Agency (JAEA), 
Tokai-mura, Ibaraki prefecture located approximately 120 km to the South of Fukushima 
I NPSs (JAEA, 2012). 
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1.4.2 The atmospheric radionuclides in areas around Fukushima I NPSs 
Beginning on 17th March, two days after the major 15th March release, , the Japanese 
Ministry of Education, Culture, Sports, Science and Technology (MEXT) established 
daily measurements of gamma dose rate and the ambient concentration of contaminated 
radioactivity (mainly only 131I, 134Cs and 137Cs) at seven sites (MEXT, 2011a) around the 
Fukushima I NPSs. The measurements began 8-9 days after the earthquake (around 5 
days after the highest peak from the first release plume and almost the same day as the 
second high peak). This initial monitoring primarily focused on the area between 24 and 
62 km in all directions from Fukushima I NPSs. The area was subsequently expanded at 
the beginning of April to cover about 60 km in all directions from the NPSs, except in the 
southern direction where monitoring reached to approximately 80 km.  
The radioactivity in air resulting from the first plume was observed at Yagisawa, Iitate 
village, Soma county (site 2-1,  36 km in northwest of Fukushima I NPSs) 131I, 134Cs and 
137Cs were 270, 39 and 42 Bq kg-1 of air respectively (MEXT, 2011a) but these 
measurements were found in 5 days after the release of first plume (Figure 1-3). 
Following the second plume, 530, 65, and 66  Bq kg-1 of air was found at Shimokitaba, 
Hirono town, Futaba county (site 1-5, 23 km in south direction) 2 days after second plume 
release (Figure 1-4).  
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Figure 1-3 Illustration of the daily continuous concentration of 131I, 134Cs and 137Cs in air 
(Bq kg-1 of air) at Yagisawa, Iitate village, Soma county located approximately 36 km to 
the Northwest of Fukushima I NPSs (MEXT, 2011a). 
 
Figure 1-4 Illustration of the daily continuous concentration of 131I, 134Cs and 137Cs in air 
(Bq kg-1 of air) at Shimokitaba, Hirono town, Futaba county located approximately 23 
km to the South of Fukushima I NPSs (MEXT, 2011a). 
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Closer to Fukushima 1 NPSs, there were four daily monitoring sites where the high peaks 
from both the first and the second plume (4 and 10 days after earthquake respectively) 
could be detected in air. One site is to the South and the other three site are located to the 
southwest of Fukushima I NPSs. Both plumes passed all of these sites (Kinoshita, et al., 
2011) and measurements were made before the arrival of these plumes. The JAEA (2012) 
site at Tokai-mura, Ibaraki prefecture measured both atmospheric aerosol and gaseous 
phases of 95Nb, 129mTe/129Te, 131I, 132Te/132I, 134,136,137Cs but only particulate 99mTc were 
monitored in this site. These data are shown in Figures 1-5 to 1-8. The highest 
concentration of 131I, 134Cs and 137Cs from the first plume were 1.4×103, 3.7×102 and 
3.7×102 Bq m-3 respectively for particulate form and 1.4×103, 7.2 and 1.1 for gaseous 
form, while the highest values from the second were 1.1×103, 4.3×102 and 4.3×102 for 
particulate form and 9.9×102, 9.6 and 1.2×10 for gaseous form.  
Other key measurements (Stoehlker, et al., 2011) were conducted by the Comprehensive 
Nuclear-Test-Ban Treaty (CTBT) at Gunma prefecture approximately 220 km in 
Southwest direction. Most particulate nuclides from the two plumes, 95Nb, 99mTc, 
129mTe/129Te, 131I, 132Te/132I, 134,136,137Cs, 140Ba/140La and the noble gas 133Xe were detected 
at this site. However, the noble gas 133Xe was the total amount which consisted of the 
contamination from the Fukushima accident and typical background about 1×10-3 Bq m-
3. 131I, 134Cs and 137Cs (particulate) from the first plume were highest at 1.5×101, 6.9 and 
5.6 Bq m-3 respectively, and from the second plume were up to 5.2, 3.3 and 3.8 Bq m-3 
respectively (Figure A-1 and A-2 in Appendix A) 
The key atmospheric radionuclides (see Section 3.2.2 below) 131I, 132Te and  134,136,137Cs 
were also observed at the Japan Chemical Analysis Center (JCAC), Chiba prefecture 
(Amano et al., 2012) and at another site at Waku Institute, Saitama prefecture (RIKEN, 
2011) where measurements also included 140Ba/140La . Both sites are to the southwest, the 
distances from NPSs being similar at about 220 km. At JCAC (Figure A-3 in Appendix 
A), the highest point of 131I, 134Cs and 137Cs resulting from the second plume were 
4.7×101, 6.1 and 7.5 Bq m-3 respectively, and 3.3×101, 7.0×10-1 and 8.7×10-1 Bq m-3 for 
the first plume. As shown in Figure A-4 in Appendix A, the highest concentrations at 
Waku Institute during the first plume were 3.6×101, 7.0 and 9.5        Bq m-3 for 132I, 134Cs 
and 137Cs respectively, compared with 7.8, 1.8 and 2.4 Bq m-3 contributed by the second 
plume. 
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Figure 1-5 Illustration of the contaminated concentration in air of 131I, 134Cs and 137Cs in particulate form. From measurements at JAEA, 
Tokai-mura, Ibaraki prefecture located approximately 120 km in south direction of Fukushima I NPSs (JAEA, 2012). 
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Figure 1-6 Illustration of the contaminated concentration in air of other radionuclides in particulate form at JAEA, Tokai-mura, Ibaraki prefecture 
located approximately 120 km in south direction of Fukushima I NPSs (JAEA, 2012). 
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From all of these data, it is clear that there were two high peaks in atmospheric 
contamination: the first plume around 4 days and the second plume about 10 days after 
earthquake. It can be concluded that meteorological information presented in Kinoshita 
et al. (2011) shows that all of these four sites were in the pathway of air transfers 
explaining why both plumes are clearly observable at all sites. 
The decrease process of radionuclide concentrations in air is not only due to radioactive 
decay but also from dispersion by wind, washout by rainfall and dry deposition to the 
ground surface.  
For very short-lived nuclides such as 129Te (69.6 m), 132I (2.295 h) and 140La (1.68 d), the 
measurements in air consist of the amount directly released from the reactor fuels plus 
their production from decay of their parent radionuclide (129mTe, 132Te, and 140Ba 
respectively). Due to their short half-life, and the significant time period between reactor 
shut down and the first major release, The amount directly discharged from fuel must 
have been very low so that the vast majority  in air measurements were due to ingrowth. 
This is supported by the observation that the concentrations and trend of the decreases 
were almost the same as those of their parent providing evidence that they were in secular 
equilibrium (Section 4.2.2). 
1.4.3 The patterns of worldwide plumes 
Since the Fukushima accident, numerous plume transport models have evaluated the 
trajectories of radionuclides transported around the world. Both two plumes (Section 
3.3.6) were transported from Japan to the Pacific Ocean. As radioactivity travelled across 
the Pacific Ocean it was dispersed and deposited. The plume travelled across the North 
American continent, eventually crossing the Atlantic Ocean to Europe (Kim, et al., 2012; 
Lujaniene, et al., 2011; Masson, et al., 2011; Piñero García & Ferro García, 2012; Qiao, 
et al., 2011; Takemura, et al., 2011), and Asia (Kim, et al., 2012; Qiao, et al., 2011). A 
small amount of radioactivity, however was in a parcel of air which changed direction as 
it crossed the Pacific Ocean and moved backwards to Southeast Asia (Kim, et al., 2012; 
Piñero García & Ferro García, 2012).  
Piñero García and Ferro García (2012) calculated that approximately 96% of air masses 
from Fukushima crossed the Pacific to North America (Figure 1-7). Sixty-one percent of 
the air mass transported radionuclides to the northern part of North America, 33% to the 
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middle part of North America (US territory), only 2% of radioactivity crossed the Atlantic 
Ocean to Europe (arriving at the beginning of April 2011). Some of the radioactivity 
reaching Europe, continued on to Asia where radioactivity could be detected in air 
samples (Kim, et al., 2012; Qiao, et al., 2011). Radioactivity therefore reached Asia from 
both directions. Around 4% of total air masses from Fukushima (Piñero García & Ferro 
García, 2012) moved out from Japan to the Pacific Ocean, and was subsequently 
transported backward to Southeast Asia. Kim and coworkers (2012) also found evidence 
of these forward and backward clouds. The forward cloud could be observed by the 
detection of contamination in air in the north and western parts of Korea on 28 March, 
whereas the backward reached to the southeast part of Korea later on 5-7 April 2011.  
 
Figure 1-7 Illustration of the movement of air masses (as a percentage) from Fukushima 
to others areas around the world (Piñero García & Ferro García, 2012) 
1.4.4 Atmospheric radionuclides around the world. 
Radionuclides releasing from Fukushima I NPSs were observed at many sites around the 
world. The main radionuclides measured were, as in Japan, 131I, 132Te/132I and 134,137Cs; 
136Cs was also detected at some sites. Another high nuclide expected to be at high 
concentrations, 129mTe/129Te, was not reported in the literature, but it can be ignored since 
the emitted gamma energies from 129mTe and 129Te are very low at 0.0376 and 0.0625 
MeV respectively (ICRP, 2008). 
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The two peaks observed in Japanese monitoring data were also detected in the Pacific 
Ocean, North America and Europe but their magnitude were significantly lower than that 
in Japan. As discussed above, a small proportion of the plume which travelled over the 
Pacific Ocean was transferred backward to Southeast Asia. (Piñero García & Ferro 
García, 2012). Once site in Guam (about 2,700 from Fukushima prefecture) could detect 
the backward radionuclide cloud starting from about 9 days after the earthquake and 
showing two peaks on days 10 and 14 (Figure A-5 in Appendix A). The concentrations 
of 131I at two peaks were 8.5×10-3 and 2.3×10-3 Bq m-3 (Biegalski et al., 2011), lower than 
the concentration at JAEA (the nearest sites in Japan) by factor of 16,000 and 480,000 
respectively. This site confirms the existence of the backward radionuclide cloud which 
is not a consequence of the cloud from Japan crossing Europe and moving to Asia. The 
measurements were made about 10 days after the earthquake whilst the cloud which 
crossed Europe to Asia took significantly longer to arrive (about 20 days). A second 
reason is that the concentration of radionuclides were similar to those in the forward 
cloud. For the forward radionuclide cloud, for example, Midway Islands (approximately 
4,000 km from NPSs) had two peaks of 131I at 1.7×10-4 and 9.4×10-5 Bq m-3 on days 11 
and 16 (Figure A-6 in Appendix A). These were less than those measured at JCAC by 
factors of 8×106 and 12×106 respectively (Biegalski, et al., 2011) demonstrating the large 
dispersion of the plume as it crossed the Pacific. By the time radioactivity had reached 
North America, (Figure A-7 in Appendix A) the highest measured value of 131I of 4.3×10-
9 Bq m-3 occurred around 14 days after the earthquake at University of California, United 
States located approximately 8,000 km from Fukushima I NPSs (UCB, 2011). The 
concentration of 131I from this site was less than the first peak at JAEA by a factor of 
3×1011.  
The air dispersion model of Piñero García and  Ferro García (2012) shows (Figure 1-7) 
that the radionuclide cloud entered the southern part of Europe  (Portugal and Spain) then 
spread out to other countries. For example, Bossew and co-workers (2012) observed 
radionuclides in air at Offenbach, Germany beginning approximately 14 days after the 
earthquake. At this site about (21,000 km from the NPSs), the highest particulate 131I 
was 1.8×10-3 Bq m-3 which less than JAEA’s peak around factor of 8×105 (Figure A-8 in 
Appendix A) Data provided for this thesis bythe Ukrainian Institute of Hydrometeorology 
at Rivnenska Nuclear Power Plant in Kiev, Ukraine (see Appendix A-9 in Appendix A) 
located approximately 22,600 km from Fukushima I NPSs. As shown in Figure A-9 in 
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Appendix A, this site observed contamination in air approximately13 days after the 
earthquake, the  highest concentration of 131I (about 6 days after first detection) being 
6.3×10-3 Bq m-3, 2×105 times lower than the highest concentration in first peak at JAEA. 
The Health Protection Agency (2011), conducted continuous monitoring in the centre at 
Oxford, United Kingdom located about 22,000 km from NPSs. The wind blew 
radionuclides cloud to this site at around 20 days after the earthquake; 131I reached to the 
peak at 6.7×10-4 Bq m-3 about four days later (Figure A-10 in Appendix A).  
After crossing Europe, radioactivity was transported to Asia with the arrival of the 
contamination plume in South Korea on 28 March 2011 or seventeen days after the 
earthquake (Kim, et al., 2012). The highest 131I measurement of 3.1×10-3 Bq m-3 was 
detected at Gunsan, South Korea (lower than JAEA’peak by factor of 5×105). 
Table 1-3 shows a summary of examples of the highest radioactivity concentration of 131I, 
132Te and 134,136,137Cs for sites at different distances from the Fukushima I NPSs, The 
pattern of two peaks corresponding to the two plumes occurred from sites in Japan and 
the Pacific Ocean, and mostly the highest peak caused by the first plume except a site at 
JCAC in Japan. The two peak pattern disappeared when radioactivity reached the US 
territory, after that, one plume pattern still dominated at sites in Europe. The highest 
values of radioactivity concentration of all nuclides from each station was shown in 
Figure 1-8, as expected, the concentration in Japan was significantly higher than sites in 
the Pacific Ocean, US and EU approximately by two or more orders of magnitude for 131I 
and three or more for 137Cs (there was no significant difference between Pacific Ocean, 
US and EU). The highest 131I in Asia was still not different to sites in the Pacific Ocean, 
US and EU, however, 137Cs was slightly higher which might be a result of a combination 
of forward and backward plumes. 
Note that distances of all site were estimated by using the air mass trajectory from the 
study of the passage of releases from Fukushima I NPSs by Piñero García and  Ferro 
García (2012). Therefore, the plume travelled from Japan to the Pacific Ocean, North 
America, the Atlantic Ocean, and then entered southern Europe. 
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Table 1-3 Summary of the highest radioactivity concentration (Bq m-3) of 131I, 132Te and 134,136,137Cs of each plume for the sites at different distances 
from Fukushima I NPSs. 
Site 
Distance First plume  Second plume 
(km) I-131 Te-132 Cs-134 Cs-136 Cs-137  I-131 Te-132 Cs-134 Cs-136 Cs-137 
In Japan             
JAEA, Tokai-mura, Ibaraki, Japan 115 1.4E+03 2.1E+03 3.7E+02 5.7E+01 3.7E+02  1.1E+03 4.4E+02 4.2E+02 5.5E+01 4.2E+02 
Takasaki, Gunma, Japan 219 1.5E+01 2.7E+01 6.9E+00 8.6E-01 5.6E+00  5.2E+00 4.6E+00 3.3E+00 5.2E-01 3.8E+00 
JCAC, Chiba, Japan* 220 3.3E+01 5.7E+00 7.0E-01 1.3E-01 8.7E-01  4.7E+01 2.6E+00 6.1E+00 3.6E-02 7.5E+00 
RIKEN Wako Institute, Saitama, Japan 223 3.6E+01 6.1E+01 7.0E+00 1.3E+00 9.5E+00  7.8E+00 7.4E-01 1.8E+00 9.7E-03 2.4E+00 
Pacific Ocean             
Guam, US 2,687 8.5E-03 1.9E-03 9.2E-04 1.4E-04 1.1E-03  2.3E-03 3.3E-05 3.7E-05 5.8E-06 4.5E-05 
Midway Islands, US 4,028 1.7E-04 2.6E-05 9.6E-06 2.4E-06 9.4E-06  9.4E-05 2.2E-05 1.1E-05 2.1E-06 1.0E-05 
US             
University of Washington, Washington, US 7,475 4.4E-03 7.8E-04 1.1E-04 - 1.4E-04       
University of California, California, US 8,067 4.7E-06 8.8E-07 1.1E-06 - 1.2E-06       
Melbourne, FL, US 11,520 3.1E-02 3.9E-03 1.9E-03 2.7E-04 2.3E-03       
EU             
Offenbach, Germany 21,040 1.8E-03 1.2E-04 1.1E-04 - 1.3E-04       
Sacavém, Lisbon, Portugal 21,859 1.4E-03 6.2E-05 1.5E-04 - 1.4E-04       
HPA, Oxon, UK 21,928 6.7E-04 - 9.6E-05 - 9.4E-05       
Kiev 22,581 6.3E-03 1.1E-04 5.4E-04 - 4.2E-04       
Asia             
Gunsan, South Korea 28,476 3.1E-03 - 1.9E-03 - 1.3E-03       
Note that: * Highest peak occurred in second plume. 
 The pattern of two plumes was disappeared. 
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Figure 1-8 the highest radioactivity concentration (Bq m-3) of 131I, 132Te and 134,136,137Cs for sites at different distance from Fukushima I NPSs. 
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1.5 The deposition of radionuclides 
This study focuses primarily on the area outside the exclusion zone at Fukushima I NPSs 
(>20 km) to determine external gamma dose rates in the early period after the accident. 
This is because measurements of soil radionuclide concentration and gamma dose rate 
were available at the same sites (used for estimating gamma dose in Chapter 4) between 
24 and 62 km from NPSs. In addition, soil is an important pathway for the transfer of 
radionuclides to humans and biota. Therefore, understanding the contamination of 
different radionuclides in soil in high fallout areas is very useful for dose reconstruction. 
During atmospheric transport, radionuclides are deposited to the ground either by wet 
(being washed out by precipitation or snow) or dry (attachment or absorption on surfaces) 
deposition. Following the Fukushima accident, numerous radionuclides, including 95Nb, 
99Mo/99mTc, 110mAg, 129mTe/129Te, 131I, 132Te/132I, 133I, 133Xe, 134Cs, 136Cs, 137Cs, 
140Ba/140La, could have potentially deposited on the Earth’s surface. However, only a few 
of these were in sufficient quantity to be readily detected in soil. In the area from outside 
the 20 km exclusion zone  to 80 km distance, 129mTe/129Te, 131I, 132Te/132I, 134Cs, 136Cs and 
137Cs were observed in significantly high concentrations in soil, while 95Nb, 110mAg, 140La 
(directly released from reactor cores) and 140Ba/140La were detected in small amounts 
[140Ba/140La was not found and amounts of 95Nb, 110mAg, 140La at two sites located in the 
southern area around 20 and 220 km respectively from NPSs were lower than the lower 
limit of detection (<50 Bq kg-1) while 137Cs in the upper 2 cm of soil were 1.2×104 Bq kg-
1 and 1.1 ×103 Bq kg-1 respectively (Tagami et al., 2011)] which did not allow for accurate 
evaluation of the concentration.  99Mo/99mTc, 129Te, 132I and 133I have very short half-lives 
(65.94 h, 69.6 m, 2.3 h, and 20.8 h respectively) and so would have decayed rapidly 
meaning that accurate measurement was not possible. In case of noble gases such as 
133Xe, there was no evidence of any deposition to the ground surface because of their 
gaseous nature and low reactivity with surfaces (S. Endo, et al., 2012; Imanaka et al., 
2012; MEXT, 2011b, 2011c; Tagami, et al., 2011; Yamamoto et al., 2012). 
The most highly contaminated area in the near-zone to Fukushima I NPSs was to the 
northwest where most of the aerosol monitoring was conducted (S. Endo, et al., 2012; 
Imanaka, et al., 2012; Kinoshita, et al., 2011; MEXT, 2011b, 2011c, 2011d). As shown 
inn Figure 1-9, the highest radiocaesium activity concentrations (consisting of 134Cs and 
137Cs only, in the range 3-30 MBq/m2) extended to about 36 km.  
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Figure 1-9 Map of the deposited radiocaesium (summation of 134,137Cs) in the near-zone 
area (<80 km) of Fukushima I NPSs (MEXT, 2011d). 
In the northwest direction, high deposition densities  could be observed at distances from 
20 to 62 km, range 0.04-31 MBq/m2 for 137Cs, sites=91 as shown in Table 1-4, the highest 
observation in this direction occurred at 22 km distance at Kurabeishi, Hirusone, Namie 
town, Futaba county (MEXT, 2011c) with mean 25 and 31 MBq/m2 for 134Cs and 137Cs 
respectively (mean and S.E. of deposition density (Bq/m2) in near-zone of Fukushima I 
NPSs was shown in Table A-1 in Appendix A). For 131I in Kurabeishi, after correction 
back to the time of maximum deposition on 15 March (Kinoshita, et al., 2011), the 
estimation of deposition density of 131I was 196 MBq/m2.  
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To contrast with Chernobyl accident, there were few measurements of the full range of 
radionuclides during the first few weeks. Maps of radionuclide deposition were therefore 
reconstructed based on later measurements of  long-lived 137Cs. UNSCEAR (2000b) 
reported the average deposited concentration of 137Cs at contaminated area (Belarus, the 
Former Russian Federation and Ukraine) around Chernobyl was greater than 0.037 
MBq/m2. The highest deposition density was greater than 3.7 MBq/m2 in the area within 
5-km radius around Chernobyl NPP, and in some areas between NPP and 30-km area in 
the north and between 30-km and 60-km areas in the west direction of NPP as shown in 
Figure 1-10. 
For 131I, there was the lack of measurement at deposition time so that the deposition of 
131I was approximately >37 MBq/m2 at closed area of NPP (estimated by using relative 
ratio to 137Cs varied between 5 and 60 as the resulted this estimation provided not accurate 
deposition density). Other study, Kryshev and Ryazantsev (2000) reported same value 
(>1.5 MBq/m2) at the areas far from NPP up to hundreds kilometre in west, northwest 
and northeast direction, and IAEA (1991) reported the estimation of 0.6-1.5  and 1.3 
MBq/m2 for range and average of deposited 137Cs in Polesskoe, Ukraine located about 
290 km in northwest and 0.004-1.5  and 0.8 MBq/m2 in Bragin, Belarus located around 
46 km in northern area 
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Figure 1-10 Map of the deposited 137Cs (kBq/m2) within 30-km and 60-km areas of 
Chernobyl NPP produced by UNSCEAR (2000b). 
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Table 1-4 Deposition density of 134Cs and 137Cs (Bq/m2) in the near-zone (20-80 km) of 
Fukushima I NPSs (S. Endo, et al., 2012; Imanaka, et al., 2012; MEXT, 2011b, 2011c). 
Direction Mean ± S.E. Max. Min. Sites Samples 
Distance 
covered 
(km) 
134Cs        
N 1.8E+05 2.2E+04 3.1E+05 1.5E+04 12 243 50 
NW 2.2E+06 3.8E+05 2.5E+07 1.7E+04 91 821 62 
W 8.1E+05 4.3E+05 9.8E+06 7.3E+03 22 420 60 
SW 1.4E+05 3.4E+04 3.9E+05 4.4E+04 10 184 80 
S 7.4E+04 1.4E+04 1.7E+05 1.6E+03 12 197 44 
        
137Cs        
N 2.0E+05 2.6E+04 3.4E+05 1.6E+04 12 243 50 
NW 2.7E+06 4.6E+05 3.1E+07 2.1E+04 91 821 62 
W 8.9E+05 4.5E+05 1.0E+07 1.2E+04 22 420 60 
SW 1.5E+05 4.0E+04 4.7E+05 5.2E+04 10 184 80 
S 8.7E+04 1.7E+04 2.0E+05 2.3E+03 12 197 44 
 
In the near-zone area (20-80 km), soil monitoring was conducted by MEXT (2011b): 6 
sites of continuous monitoring were established on 18 March (3 days after the high 
deposition phase on 15 March) which could detect the second plume on 21 March. The 
continuous monitoring sites were subsequently extended to more than 50 sites in the 
beginning of April, plus single sampling of 71 sites by MEXT at the end of May (2011b, 
2011c), 15 sites by Endo at al. (2012) were sampled on 15 March, and 5 sites  were studied 
on 31 March (Imanaka, et al., 2012). Table 1-4 shows a summary of the contamination in 
each direction from Fukushima I NPSs in the near-zone area. Deposition density in the 
north-western area was highest with mean 2.7×106 Bq/m2, the second most contaminated 
area was the western part in which contamination was lower than the NW by a factor of 
three. These were followed by the northern and south-western areas which had one order 
of magnitude lower fallout and in the south, fallout was thirty times lower. Therefore, 
(Figure 1-9 and Table 1-4) the north-western area around 0-36 km from NPSs was 
affected by the highest gamma dose rate emitted from soil as the contamination was 
influenced by first plume so this is a key region to carry out an estimation of external 
gamma dose rate. 
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1.6 The contamination of aquatic systems 
There were a lack of measurements in aquatic systems affected by the high fallout from 
Fukushima, particularly in the near-zone during the initial phase. However, one lake 
located around 50 km from the NPSs in the high contamination area in the northwest 
region was monitored for 131I and 134, 137Cs by MEXT (2011b). Daily monitoring of total 
phase (particulate and dissolved) of these three nuclides was conducted from 18 March 
until the end of August 2011. The radioactivity concentration in lake water during the 
first monitoring were 2.1×106, 4.6×105 and 5.11×105 Bq m-3 for 131I and 134,137Cs 
respectively.  
Around four months after the accident, Ueda et al. (2013) collected particulate and 
dissolved phase 137Cs in two rivers, Wariki and Hiso River during August – November 
2011. The total radioactivity of 137Cs on 20 July 2011 were 7.6×103 and 1.1×104 Bq m-3 
for each river respectively.  In the northwest direction, approximately 60 km from the 
NPSs, 134,137Cs concentration (total phase) in a single sample at the Matsu River on 14 
September 2012 contained 5.1×10-2 and 9.6×10-2 Bq m-3 respectively (Yasutaka et al. 
(2014)). Figure 1-9 shows that this river was outside the highest contamination area. On 
14 September 2012, Yasutaka and co-workers (2014) also collected samples from two 
rivers in the western area: the Sugita and Gohyaku Rivers (both were about 55 km from 
the NPSs) and one other river, the Yashiro River in the Southwest (60 km). Since all 
three rivers were outside the high contamination area, 134,137Cs concentrations were 
5.3×10-2 and 9.6×10-2 Bq m-3 for Sugita, 1.0×10-1 and 1.7×10-1 Bq m-3 for Gohyaku and 
1.4×10-2 and 2.9×10-2 Bq m-3 for Yashiro River. 
Within the near-zone, Nagao et al. (2013) collected six samples (total phase) during 12 
July – 06 December 2011 from each of the Natsui and Same Rivers which were both in 
the southern area and around 45 and 60 km respectively from the NPSs. 134,137Cs 
concentration in runoff on 12 July were 49 and 52 Bq m-3 for the Natsui River and 75 and 
81 Bq m-3 for the Same River.  
Note that locations of all rivers and lakes studied in this thesis are shown in Figures 5-1 
and Figure 5-2 and summaries of measured data are available in Section 5.2.1 together 
with other information such as catchment area, and water residence time. 
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1.7 Modelling of environmental systems following the Fukushima accident 
There was significant contamination of the environment following the release of high 
amounts of radionuclides from the Fukushima I NPSs. Measurements around the world 
detected long range transport of radioactivity.  This research will carry out an assessment 
of the worldwide transfers of radionuclide cloud by studying the decay corrected ratio of 
various radionuclides to long-lived 137Cs and how these change with time and distance 
from Fukushima.  
For analysis of deposition and external gamma dose rate, this research will focus on the 
highly contaminated area within the near-zone (<80 km) of the Fukushima I NPSs 
particularly in the northwest area where most contamination was found (Chino, et al., 
2011; Katata, Ota, Terada, Chino, & Nagai, 2012; Katata, Terada, Nagai, & Chino, 2012; 
Kinoshita, et al., 2011; Morino, Ohara, & Nishizawa, 2011). that the focus on the highly 
contaminated northwest area allows the use of empirical measurements of external 
gamma dose rate to calibrate and test a model based on the emission of gamma energy 
from the range of short and long-lived radionuclides in soil Since both data on dose rate 
and radionuclide contamination in soil were available only in the near-zone the research 
on this topic focused on this area. 
The aim of modelling in aquatic systems is the early phase reconstruction and long-term 
prediction of contamination in water and fish (both predatory and non-predatory) in any 
freshwater systems in Japan which were affected by fallout from Fukushima This research 
will use measurements from a range of rivers and lakes discussed above, including eight 
rivers and one lake within the near-zone. From a collaboration with the Chiba Institute of 
Technology, further field-measurements were made to support this research. This 
compilation of data allowed the testing and further development of a model for 
radionuclides in Japanese aquatic systems.  
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Chapter 2 Modelling radionuclide transfers and external dose 
following a nuclear accident  
 
2.1 Introduction 
In order to implement radiological countermeasures and evaluate and reduce human 
exposures from a contaminated environment, it is necessary to develop effective methods 
of estimating radiological impacts. This study will focus on the evaluation of the external 
gamma dose in the near-zone of Fukushima in the early and long-term phases after 
deposition, and long-term transfer of radionuclides in terrestrial and aquatic systems.  
The environment and human food chain have been significantly affected by past releases 
of contaminated radioactive materials. These include artificial releases of radionuclides 
from Nuclear Weapons Testing and the Chernobyl accident. Following these past 
releases, there have been many studies evaluating the radiological impact of these events 
which give a strong methodological basis for evaluating the impact of the recent nuclear 
accident at Fukushima. This chapter reviews modelling methods for evaluating 
radionuclide transfers in the ecosystem and external doses, and develops them for 
application to the Fukushima accident.  
2.2 Air transport and deposition of radionuclides following Chernobyl 
After the nuclear accident at the Chernobyl Nuclear Power Plant (NPP), large amounts of 
various radionuclides were released from the severely damaged Unit 4 reactor into the 
atmosphere. Radioactive material spread out over the former Soviet Union territories and 
in lesser quantities in many other part of the World including Europe, Asia, North Africa 
and North America (Yablokov, Nesterenko, Nesterenko, & Sherman-Nevinger, 2010). 
The release occurred over 10 days (UNSCEAR, 2000a) and included nuclides of key 
importance to public dose, particularly 131I and 137Cs (approximately 1.76×1018 and 8.5 
×1015 Bq respectively)  Other radionuclides including 7Be, 59Fe, 90Sr, 95Nb, 95Zr, 99Mo, 
103Ru, 106Ru, 127Sb, 129mTe/129Te, 131mTe, 132Te/132I, 133I, 134Cs, 136Cs, 140Ba/140La, 239Np, 
239Pu, 240Pu were also released from this catastrophe accident. The widespread 
atmospheric dispersal resulted in major transfers of radioactive elements to terrestrial, 
freshwater and marine ecosystems. During the period in which radioactive materials were 
dispersed throughout the atmosphere, two key deposition processes caused contamination 
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of the surface environment. Some radionuclides were primarily washed out by rain or 
snow and deposited to the ground (wet deposition) whilst others also showed a significant 
deposition velocity under conditions of no deposition (dry deposition) (Mück et al., 2002; 
F. B. Smith & Clark, 1989; J. T. Smith & Beresford, 2005a). 
Following a release of radioactivity to the environment, very short-lived radionuclides 
decay before full mapping of their deposition can be made. By estimating their ratios to 
relatively long-lived 137Cs (half-life 30.2 years), the distribution of short-lived 
radionuclides can be mapped and early-phase external doses reconstructed. There have 
therefore been many studies on the air transport and deposition of radionuclides to define 
the levels and characteristics of contamination, and estimate the external gamma dose to 
humans and wildlife. In the 30-km exclusion zone around reactor Unit 4 of Chernobyl 
NPP, a key study of radionuclide transfer as a ratio to 137Cs was carried out by Mück and 
co-workers (2002). The research focused on the radionuclide (RN): 137Cs ratios as a 
function of direction and distance from Chernobyl NPP. The ratios were determined by 
analysing literature data of measurements of radioactivity concentration in air and ground 
deposits, in comparison with estimates of ratios within the reactor core using burn-up 
data.  Empirical relationships of ratios to direction and distance were determined. In terms 
of radionuclide transfer, Mück and co-workers (2002) found that different isotopes of the 
same element (such as the ratio of the relatively volatile nuclide 134,136Cs to 137Cs) were 
transported and deposited in the same pattern. For radiocesium released from Chernobyl, 
the average ratio of 134Cs: 137Cs in air was constant with distance and direction, with range 
between 0.55 and 0.59, while the deposited ratio was also constant with value in the range 
0.54-0.57. The other main radioactive isotope of caesium, 136Cs also showed a ratio to 
137Cs which was constant with distance and direction with range approximately 0.15-0.27 
and 0.22-0.27 for ratio in air and deposition respectively. Other relatively volatile 
radionuclides, 103Ru and 132Te were also observed (Muck et al. 2002) to be constant with 
distance.  
The non-volatile radionuclides, however, showed a different distribution in air. The ratios 
of 99Mo, 90Sr, 95Zr, 140Sr and 144Ce to 137Cs in the near zone were much higher than at long 
distances (200-1,000 km area) and ratios decreased rapidly with increasing distance from 
the release point (Mück et al., 2000). This was because these radioactive materials had a 
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high rate of deposition resulting in their rapid deposition after release from the damaged 
reactor.  
Since the Chernobyl release continued over 10 days (UNSCEAR, 2000a), deposition 
plumes with differing characteristics were observed in different directions, depending on 
the state and temperature of the reactor at different times during the accident. Mück et al. 
(2000) observed that ratios in ground of radionuclides having similar volatility to 
radiocaesium, such as 132Te  were remarkably consistent with direction. For 132Te: 137Cs 
in three plumes released from Chernobyl NPP: W (the explosive phase), NNW (the 
slowly heating-up core phase) and S (above 2,000 ºC at core phase) showed remarkably 
consistent ratios of 132Te: 137Cs. Ratios to 137Cs of other radionuclides including 90Sr, 95Zr, 
99Mo, 103Ru,, 140Ba, 144Ce and 239Np were similar in the western and northern plume but 
the value in south direction was significantly higher. This is due to the fact that the 
southern plume was caused by a high temperature release with less volatile radionuclides 
i.e. 90Sr, 95Zr, 99Mo, 103Ru, and 140Ba, released at significantly higher rates than 
radiocesium, In contrast, the relatively volatile  131I (aerosol+gaseous) showed only 
higher ratios to 137Cs in the southern plume compared to the western and north-north-
western plumes because higher core temperatures released higher amounts of 131I  (Mück, 
et al., 2000). For large distances, the 131I (aerosol+gaseous):137Cs ratio decreased with 
distance which (Mück et al. (2000)) was because deposition of 131I was dominated by dry 
deposition of the gaseous form (70%) and deposition velocity of this form was higher 
than particulate 131I and 137Cs. Mück and coworkers also concluded that deposition 
velocities of particulate 131I and 137Cs were similar at 1 mm s-1 while gaseous 131I was 6 
mm s-1. 
In another study, Mück and co-workers (2002) derived equations for reconstructing the 
radioactivity concentration in air, which can be used to estimate internal dose from 
inhalation. The relationship between the concentration in air and soil at near-zone (30-km 
area and no rain) was given as: 
𝐴𝑖 = 𝐶𝑖𝑣𝑔𝑖 
where Ai (Bq m
-2) is the deposited radioactivity concentration of the ith nuclide, Ci (Bq s 
m-3) is the integrated radioactivity concentration in air of the ith nuclide, and 𝑣𝑔𝑖 (m s
-1) is  
the deposition velocity of the ith nuclide. For longer distances, but no further than 170 km, 
(2-1) 
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the radioactivity concentration in air and soil of long half-life radionuclides which their 
half-life are greater than the time of plume passage can be calculated as follows: 
𝐶𝑖(𝑟) =
1000 × 𝐴𝐶𝑠−137 × 𝑅𝑖𝑠𝑜 × 𝑅𝑛𝑢𝑐𝑙 × 𝑐𝑑𝑖𝑟
3.6 × 𝑣𝑔𝑖
 
where Ci (r) (Bq h m
-3) is the integrated radioactivity concentration in air of the ith nuclide 
at distance r from release point, ACs-137 (kBq m
-2) is the deposited radioactivity 
concentration of 137Cs at distance r from the release point, Riso is the ratio of the i
th nuclide 
to isotopic guide-nuclide in each group. For example, 89,90,91Sr/90Sr, 129m,132Te/132Te, 
131(aerosol and gaseous),133I/131(aerosol and gaseous)I, and 134,136,137Cs/137Cs, Rnucl is the ratio of the 
isotopic guide-nuclide in each group to 137Cs e.g. 90Sr/137Cs, 132Te /137Cs , 131(aerosol and 
gaseous)I: 137Cs, cdir is a correction factor for direction, resulting from the different amounts 
of each radionuclide in the three main plumes released from the Chernobyl accident such 
as 3.0 for 89,90,91Sr 1.7 for 131(aerosol and gaseous),133I, and 1 for 134,136,137Cs, and 𝑣𝑔𝑖 (mm s
-1) is  
the deposition velocity of ith nuclides.  After deriving radioactivity concentration in air by 
Equation 2-1 and 2-2 at the sites where ambient measurement was not performed, the 
inhalation dose can be estimated (Mück, et al., 2000).  
For further distances, other studies focused on the dispersion and deposition of 
radionuclides released from Chernobyl accident. Clark and Smith (1988) used measured 
data in air, soil and particularly on grass combined with sufficient meteorology data to 
evaluate wet and dry deposition in UK. Relatively volatile 137Cs released from Chernobyl 
accident was mostly in the particulate form, so that the deposition process was dominated 
by washout of rainfall. 131I, however, was transported both in particulate and gaseous 
forms and both wet and dry deposition processes were significant. In this study (Clark 
and Smith, 1988), 50-75% of 131I was found to be in gaseous form the study of, Cambray 
et al. (1987) also found that 75% of radioiodine was gaseous. In Italy, 68-76% was in 
gaseous phase (Spezzano and Giacomelli, 1991). 
In the initial period of the Chernobyl release, there was no significant rain in the former 
Soviet Union territory. This meant that the volatile radionuclides such as 131I and 
134,137Cs were still found in the atmosphere (Clark & Smith, 1988; Mück, et al., 2002) at 
large distances from the site. The cloud of radioactive gases moved to other parts of 
Europe and led to significant deposits to soil by rainfall. In UK in areas of little or no rain, 
(2-2) 
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(2-3) 
(2-4) 
the ratio 131I: 137Cs on grass (which is likely to be similar to surface soil) was high, at 
approximately 18, resulting from the high dry deposition velocity of aerosol 131I. For light 
rainfall conditions, the 131I: 137Cs ratio decreased remarkably to about 4 and declined to 
lower than 2 in high precipitation areas. This can be explained by the fact that the average 
of the dry deposition velocity of 131I (both aerosol and gaseous) in the UK was higher 
than 137Cs by a factor of 60, and that the estimated release of 131I was significantly higher 
than 137Cs (IAEA, 1986; UNSCEAR, 2000a). This result agrees with another study about 
the deposition in northern England (Livens, Fowler, & Horrill, 1992) which 131I had high 
rate of deposition in dry deposition. Smith and Clark (1989) present a method for 
estimating the deposited radioactivity, D (Bq m-2) in relation to the concentration 
radioactivity in air: 
𝐷 = 𝑣𝑝𝑎𝑟𝑡𝐶𝑝𝑎𝑟𝑡 + 𝑣𝑔𝑎𝑠𝐶𝑔𝑎𝑠 
where Cpart and Cgas are the time-integrated concentration (Bq m
-3 s) in particulate and 
gaseous form respectively, 𝑣part and 𝑣gas are the empirically estimated dry deposition 
velocity (m s-1) for particulate and gaseous form respectively. In the UK both observed 
parameters were 4.6×10-4 m s-1 for 𝑣part and 3.6×10-3 m s-1 for 𝑣gas (F. B. Smith & Clark, 
1989). 
In case of wet deposition in UK (Clark & Smith, 1988), measurements were available for 
evaluating the interception of the Chernobyl release by rainfall. The deposited 
radioactivity in the washout process, D (Bq m-2), can be calculated by assuming that it is 
proportional to the radioactivity concentration in air: 
𝐷 = 𝑤𝑟𝐶𝑅 
where 𝑤𝑟  is the dimensionless washout factor which varies by intensity of rainfall in 
range 5.8-7.7×105 for UK (Clark & Smith, 1988) similar to 6.5×105 in Clark and Smith 
(1988)’s study, C (Bq m-3) is the average concentration radioactivity in air,  and R (m) is 
the total amount of rainfall. 
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2.3 Deposition of radionuclides following the Fukushima accident 
In a recent study on ambient transfer and deposition of radionuclides following the 
Fukushima accident, Kinoshita and co-workers (2011) measured the deposition ratio from 
the near-field zone to further distances (from 30 to 300 km approximately) by gamma-
ray spectrometry of contaminated radionuclides in surface soil. This allowed mapping of 
the distribution of contamination. According to metrological data (Section 1.4.1), it is 
clear that the major transport occurred in 15 March 2011 in N to NW, particularly in NW 
direction of Fukushima I NPSs (Chino, et al., 2011; Kinoshita, et al., 2011; Morino, et al., 
2011). This was followed by more minor releases in the SW to S directions which 
occurred on 21 March. During the 15-16th March radioactive release, there was rainfall 
from 17.00 on 15 March to 4.00 on 16 March 2011 in the northern area of Fukushima 
prefecture up to about 50 km to the N and NW direction from Fukushima I NPSs. For the 
later release, rainfall occurred between 8.00 on 21 March and 6.00 on 23 March in 
southern 200-300 km area as show the detail in Figure 1-1.  
Kinoshita et al. (2011) reported depositions for 131I, 129mTe, and 134,136,137Cs and ratios for 
129mTe:137Cs, 131I:137Cs, and 129mTe:131I  (corrected to 29 March 2011) around Fukushima 
I NPSs. In Figure 2-1, it is shown that the deposited activities of fission products including 
129mTe, 131I, 134, 136, 137Cs were very high in the Iitate and Naka-Dori regions. Iitate is a 
hilly area located approximately 30 km from Fukushima I NPSs in the NW direction, 
while Naka-Dori is a basin-shape valley located in the middle of the Fukushima prefecture 
or NW to SW of Fukushima I NPSs.  
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Figure 2-1 Illustration of the topographic map of the depositions for 131I, 129mTe, and 
134,136,137Cs and ratios for 129mTe:137Cs, 131I:137Cs, and 129mTe:131I (corrected to March 29, 
2011) in the area of Fukushima and further areas in other prefectures including Tokyo; 
produced by Kinoshita et al. (2011). 
 
 
 
 
 
  
 
 
50 km 
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The deposited concentrations of all isotopes of radiocesium (134,136,137Cs) were high 
between 102 and 103 kBq m-2 for 134,137Cs and around 10 and 100 kBq m-2 for 136Cs within 
the 80-km area in the N and NW and the area between 80 and 100 km in the NW.  Lower 
activities of about 102 for 134,137Cs and around 10 kBq m-2 for 136Cs were seen in the area 
between 80 and 100 to the NW and SW which was influenced by the changing of wind 
direction in the first plume. For 131I, the deposition in soil was very high within 
approximately a 50-km area in the S and an area within 80-100 km in N and NW direction, 
being approximately 103-104 kBq m-2. Deposition density in the southern direction was 
influenced by the second 21 March release, averaging around 103 kBq m-2, while other 
regions (W to SW) were lower, being of the order of ten to a thousand times lower than 
in the N and NW directions. 
The ratio of 134 Cs to 137Cs was around 0.8-0.9 in all directions and distances around 
Fukushima I NPSs, whereas the ratio 131I: 137Cs was much higher to the SW and S being 
in the range 8-15 but much lower in other regions including the N and NW (ratio around 
1-8).  
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2.4 Model for external gamma dose from deposited radionuclides 
UNSCEAR (2000a, 2013) and WHO (2012) show that the majority of radiation dose to 
the public was dominated by deposited radioactivity and the ingestion pathway while dose 
from the contaminated cloud is minor. Radionuclides deposited in soils produce an 
external gamma dose rate in air which depends on the gamma decay energy, the 
distribution in the soil and soil characteristics (Peter Jacob et al., 1994; Kocher & Sjoreen, 
1985). Jacob and co-workers (Peter Jacob, et al., 1994) model the kerma rate in the air as 
function of 137Cs depth profile and site characteristics,  then kerma rate can be converted 
to an exposure dose rate to humans. Kocher and Sjoreen (1985) model the external 
exposure produced by emitted photons from soil. In a similar way, the GRANIS model 
(Khalid & Mann, 2007) calculates the external photon dose by using conversion factors 
for converting deposited concentration to effective dose rate at various times from a 
variety of radioisotope materials.  
Following the  Chernobyl accident, Jacob and co-workers (Peter Jacob, et al., 1994) 
modelled the kerma rate in the air as function of 137Cs depth profile and site 
characteristics: soil type, annual precipitation, distance from Chernobyl, and mode of 
deposition (dry or wet). There are three parameters which can reduce the kerma rate over 
the grassland. The first parameter is the surface roughness of the interface between air 
and ground, the second is migration of the radioactive material into the soil, and the last 
is radiation shielding surrounding the area. This research (Peter Jacob, et al., 1994) 
focused on the first two parameters, and evaluated  attenuation factors due to the 
combination of the surface roughness and the migration of 137Cs in south Bavaria (clay 
and silt), in Ukraine (sand), and some sites in Russia (silt and sand) from deposition 
following Chernobyl accident. In-situ gamma-ray spectrometry was used to measure 
activity per unit area compare with depth profiles. For dry deposition, surface roughness 
was less significant than in wet conditions because more radionuclides are deposited on 
to  vegetation in dry conditions while under wet deposition, radionuclides are more 
quickly washed out and migrated into the soil (P Jacob, Meckbach, & Müller, 1987; Peter 
Jacob, et al., 1994). Attenuation factors due to the combination of the surface roughness 
and the migration of 137Cs resulting from in stu gamma-ray spectrometry method agreed 
with depth profiles method in first year after deposition. After that, in second year, an 
attenuation factor from in stu gamma-ray spectrometry method was slightly less than 
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(2-5) 
depth profiles method, and less than more in the third year. This is because of the 
underestimation from an exponential decrease activity in the soil in in stu gamma-ray 
spectrometry calculation. However, the difference from two methods was not significant 
which mean the surface roughness did not effect to an attenuation factor in initial period 
of migration into soil. The kerma rate in air as a function of time after deposition of 
nuclide i, ?̇?(J kg-1) can be calculated (Peter Jacob, et al., 1994) by 
?̇?(𝑡) = ∑ 𝐴𝑖 × 𝑘𝑖 × 𝑒
(−𝜆𝑡) × 𝑟𝑖 (𝑡)𝑖  
When Ai (Bq per unit area) is deposited activity of nuclide i, ki is a factor for converting 
activity per unit area to the kerma rate in air of nuclide i which can be applied for 
estimating human doses depending on type of organs, t (years) is time after deposition,  ri 
is a modified function of the kerma rate due to an activity distribution depending on type 
of nuclide, physical and chemical form of radionuclide before deposition, deposited 
condition (dry or wet), time after deposition, characteristic of site such as properties of 
soil, the annual precipitation(option). In the Jacob et al. model, the parameter ri (t) is 
determined empirically by using measured data from Bavaria, Ukraine and Russia. The 
value of ri (t) was defined as a function of the empirical parameters 1, 2, 3 and 4 which 
can see in detail in Table 2-1. 
𝑟𝑖(𝑡) = 𝜌1𝑒
−𝜌2𝑡 + 𝜌3𝑒
−𝜌4𝑡 
Jacob and co-workers (1994) determined empirical parameter 1, 2, 3 and 4 from 
Bavarian sites where characteristic of sites were available and condition of deposition is 
wet resulting in high deposition for caesium. The first set of empirical parameters were 
derived from Bavarian data 4 was set equal to zero to give an upper estimate of long 
term dose because measured data were available only for the first 5.5 years after the 
Chernobyl accident. Later studies (Peter Jacob, et al., 1994) also used longer term data 
from the New York area which studied dose after the deposition from atomic weapon test 
ove a 24 year period. This gave a long term continuing decline in dose (positive 4 value). 
However, this resulted in an underestimated result for long-term predictions due to the 
fixation process of radiocaesium in soil. Therefore, the third set of parameters (Table 2-
1) which has no 4 best predicted the measurements of kerma rate in air 
(2-6) 
 37 
Table 2-1 Empirical parameters 1, 2, 3 and 4 for estimating ri (t) in Jacob et al .(1994). 
Parameters 
Area Reference 
1 2 3 4 
0.34±0.03 0.55±0.14 0.34±0.03 0.0 Bavaria Jacob et al. (1994) 
0.31±0.04 0.61±0.18 0.37±0.04 0.015±0.008 
Bavaria and 
New York 
Jacob et al. (1994) 
and Miller et al. 
(1990) 
0.38±0.03 0.38±0.07 0.28±0.03 0.0 
Bavaria and 
New York 
Jacob et al. (1994) 
and Miller et al. 
(1990) 
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(2-7) 
(2-8) 
(2-9) 
2.5 Model for external gamma dose from deposited radionuclides following 
Fukushima 
Similar to the research by Jacob and co-workers, WHO (2012) developed a model for 
estimating the external dose from contaminated radionuclides in soil to populations 
affected by Fukushima in Japan. The effective dose rate ?̇?𝑖
𝑑𝑒𝑝
 Sv/h in t time (year) at one 
metre above the ground was be estimated by converting kerma in free air as follows: 
?̇?𝑖
𝑑𝑒𝑝(𝑡) =  𝐾𝑎𝑖𝑟̇ (𝑡) × 𝑘𝑖 × 𝑅𝐹𝑖 
Where ki is a conversion factor from kerma in free air to the effective dose, independent 
of location and time after the accident: 0.75 Sv/Gy for adults, 0.80 Sv/Gy for children (10 
years) and 0.90 Sv/Gy for infants (1 year). RFi is a reduction factor for population group 
i (assumed to be 0.6 for all population groups in Japan), and 𝐾𝑎𝑖𝑟̇ (𝑡) is the kerma rate in 
free air (µGy/h) which can be determined by  
?̇?𝑎𝑖𝑟
1 (𝑡) = 𝑟(𝑡) × 𝐴𝐶𝑠137 ×  ∑ (
𝐴𝑚
𝐴𝐶𝑠137
) ×𝑚 ?̇?𝑚
𝑑𝑒𝑝 × 𝑒−𝜆𝑚𝑡 
where 𝐴𝐶𝑠137 is the surface activity density of 
137Cs on the ground (Bq/m2), Am is the 
surface activity density of radionuclide m on the ground (Bq/m2) which the estimation of 
𝐴𝑚
𝐴𝐶𝑠137
 of each m nuclide corrected back to 15 March 2011. The parameter values used in 
the WHO model are shown in Table 2-2: ?̇?𝑚
𝑑𝑒𝑝
 is  the dose rate coefficient from surface 
activity density to kerma rate for height of one metre above ground due to initial 
distribution of radionuclide m in the ground based on the empirical study of Jacob et al. 
(1990) discussed above, 𝜆𝑚 is the decay constant of radionuclide m (year-1), and  𝑟(𝑡) is 
a time dependent attenuation function that accounts for radionuclide penetration in the 
soil (year) can be estimated (Vladislav Golikov, Balonov, Erkin, & Jacob, 1999; V 
Golikov, Balonov, & Jacob, 2002; P Jacob & Likhtarev, 1996) by 
𝑟(𝑡) =  𝜌1 𝑒
−
𝑙𝑛2
𝑇1
𝑡
+  𝜌2 𝑒
−
𝑙𝑛2
𝑇2
𝑡
 
From WHO (2012), 𝜌1= 0.34, 𝜌2 = 0.66, T1 = 1.5 year and T2 = 50 year. Equation 2-9 is 
similar to Equation 2-6 as both are empirical parameters for site characteristics such as 
soil type, annual precipitation and distance from release point, the reduction of dose rate 
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due to the surface roughness of interface between air and ground, and the migration of 
the radioactive material into the soil.  
Table 2-2 the estimation of relative isotopic ratio of radionuclide m to 137Cs (
𝐴𝑚
𝐴𝐶𝑠137
) in 
soil on 15 March 2011 were used in WHO’model summarised from (Imanaka, et al., 
2012; IRSN, 2011b) 
Radionuclide m Deposited ratio to 137Cs 
131I 7.8 
132I 7.6 
132Te 7.6 
134Cs 0.92 
136Cs 0.16 
 
A simpler method to determine the external gamma dose from ground surface is  
estimation using  a conversion factor to calculate gamma dose from deposited 
concentration (Kocher and Sjoreen  (1985)). These workers estimated external gamma 
dose rate at a height of one metre above ground from radioactive concentration and dose-
rate conversion factors which were dependent on, the energy of gamma emitters and depth 
profiles of discrete energies in soil. To extrapolate dose rate, conversion factors were 
determined in discrete energies from 0.01 to 10 MeV and depths in soil of radioactive 
material from the surface to 300-cm depth. Dose rate is defined as the gamma energy 
emitted per unit of source concentration in soil and it is assumed that the sources of 
gamma dose rate are divided into uniform infinite surfaces parallel to the ground surface 
at any depths of soil, or uniform slab sources between ground surface and different depths 
in soil. Table 2-3 shows examples of conversion factors to estimate gamma dose from 
long-lived 137Cs. Another study using conversion factors to extrapolate the integrated 
effective dose rate at 1 metre above ground after an instantaneous of deposition is the 
GRANIS model (Khalid & Mann, 2007). GRANIS is a computer model for estimation of 
gamma dose and gamma dose rate from radionuclides in a contaminated layer of finite 
thickness and infinite plane source. The principle of the model is the calculation of the 
total photon flux (at 1 metre above ground or above the contaminated layer; the energy 
of the photon depends on the isotope) from the whole contaminated layer by integrating 
from each small thickness of layer as a disc (infinite lateral extent). The flux from each 
disc is reduced by attenuation and scattering in the soil layer and air above, and the 
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reduction of flux depends on the depth from ground surface including thickness of 
shielding, and type of material of shield. For contamination in soil, for example, soil is 
shielding itself which mostly consist of O, Si and C (Khalid & Mann, 2007). Conversion 
factors for soil of some key radionuclides to gamma dose are shown in Table 2-4. 
Table 2-3 Examples of conversion factor (Gy/a per Bq/cm2) to extrapolate external 
gamma dose from soil for 137Cs by Kocher and Sjoreen’s method (1985). 
Depth (cm) 
Emitted photon energy (MeV) 
Uniform infinite surface 
parallel to the ground surface 
at any depths 
 
Uniform slab sources between 
ground surface and deferent 
depths 
0.06 0.08  0.06 0.08 
0.0 3.62E-05 4.18E-05  4.73E-06 6.65E-06 
0.5 9.12E-06 1.36E-05  8.44E-06 1.25E-05 
1.0 6.11E-06 1.00E-05  1.30E-05 2.05E-05 
2.0 3.38E-06 6.45E-06  1.56E-05 2.59E-05 
 
 
Table 2-4 Example of conversion factor (Sv/h per Bq/m2) to extrapolate the integrated 
effective dose rate at 1 metre above ground after an instantaneous of deposit 1 Bq m-2 of 
131I, 132I and 137Cs on undisturbed soil  by the GRANIS model (Khalid & Mann, 2007). 
Time 
Conversion factor 
131I 132I 132Te 137Cs 
0 8.49E-13 5.27E-12 4.96E-13 1.39E-12 
6 h 8.75E-13 8.63E-13 4.73E-12 1.39E-12 
12 h 8.56E-13 1.42E-13 5.18E-12 1.39E-12 
1 day 8.20E-13 3.84E-15 4.78E-12 1.39E-12 
2 days 7.52E-13 1.13E-17 3.87E-12 1.39E-12 
7 days 4.88E-13 1.36E-23 1.33E-12 1.39E-12 
30 days 6.66E-14 0 9.97E-15 1.38E-12 
1 year 1.49E-22 0 0 1.21E-12 
2 years 1.03E-25 0 0 1.06E-12 
5 years 0 0 0 7.48E-13 
10 years 0 0 0 4.76E-13 
50 years 0 0 0 4.37 E-14 
 
,
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2.6 AQUASCOPE model for transfer of contaminated radionuclides in aquatic 
ecosystems 
The long-term transfers of radiocaesium in terrestrial and aquatic ecosystems are 
dependent on slow changes in chemical availability in soil (J. T. Smith, Fesenko, et al., 
1998b). In this study, a consistent rate of decline of radiocaesium concentration was seen 
in three ecosystem components: vegetation, water and milk during five years after the 
Chernobyl accident. The study, focused on 137Cs, derived the rate of decline by using 
transfer modelling of 137Cs in ecosystems as shown in Figure 2-3, and these derived rates 
of vegetation, water and milk showed a remarkably consistent decline over the five years 
study period for a large set of measurement data. The times for decline of 137Cs to half its 
initial value were in the range 1-4 years during the first five years after the accident, while 
for the longer period, the trend of decline reverted to a slower rate at 6-30 years (J. T. 
Smith et al., 2000). 
 
 
 
 
 
 
 
 
 
 
Figure 2-2 Schematic diagram of transfers of 137Cs in ecosystems. 
 
2.6.1 Runoff or river modelling 
A key characteristic of runoff or river water is the much more rapid flow rate of water 
through this ecological system compared with lakes and reservoirs. The activity 
concentration in runoff water or rivers (Helton, Muller, & Bayer, 1985) can be determined 
(Helton et al. 1985) as the fractional removal of fallout radioactivity from a catchment,  
relative to the flow rate of water removal from the catchment. Therefore, the 
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contamination in runoff water or rivers is most significant in the initial period when 
deposition is high, and the level of contamination varies with the deposited concentration 
in a catchment. Radionuclides in aquatic systems are found in the form of both dissolved 
and particulate phases. The simplified model “AQUASCOPE” (J. T. Smith et al., 2005), 
however, focused on only the dissolved phase for estimating radionuclides in runoff and 
rivers because a large proportion of particulate phase activity transfers directly into 
sediments, and the uptake of radionuclides into fish and other aquatic foodstuffs is mostly 
from the dissolved phase. 
For estimation and prediction of the contamination in runoff water or rivers, Monte (1995) 
and Smith et al. (2000) showed that the change with time of dissolved radioactivity 
concentration in runoff and river, CR (Bq/m
3), can be calculated by:  
𝐶𝑅 = 𝐷𝐶(𝛼𝑒
−(𝑘1+𝜆)𝑡 + 𝛽𝑒−(𝑘2+𝜆)𝑡 + 𝛾𝑒−(𝑘3+𝜆)𝑡) 
Where DC is the radionuclide deposition to the catchment (Bq/m
2) and λ (y-1) is the decay 
constant of the radionuclide. The constants α, β, γ and k1, k2, k3 are empirically determined 
constants which depend on the specific radionuclide. α and k1 are the constants for a fast 
“flush” of activity as a result of rapid washoff processes, β and k2 are for a slow decline 
as a result of soil fixation and redistribution processes, and γ and k3 are  for the very long 
term “equilibrium” situation. 
(a) Description of the AQUASCOPE model for radiocaesium in rivers and runoff 
water 
For the initial rapid decline, k1, the mean rate four rivers in Europe is 18.0 y-1 (Monte, 
1995; Schoer, 1988; Ursula, Von Gunten, & Krähenbühl, 1987; Voitsekhovitch, Borzilov, 
& Konoplev, 1991). The parameters k2, k3 are estimated empirically from studies of the 
time dependence of radiocaesium activity concentrations in many European rivers after 
both weapons testing and Chernobyl (J. T. Smith, et al., 2000; J. T. Smith, Fesenko, et 
al., 1998a; J. T. Smith, Kudelsky, Ryabov, & Hadderingh, 2000), and the estimated values 
of these are 0.41 and 0.02 y-1 for k2 and k3 respectively. 
During the first year after high fall out from nuclear weapon testing, when the initial 
runoff had significantly high contamination, Helton et al. (1985) measured  the 
cumulative loss of activity from the catchment, λa (Bq/y) for radiocaesium by using: 
2-10 
 43 
𝜆𝑎 = 𝑅 ∫ 𝛼
1
0
𝑒−(𝑘1+𝜆)𝑡 + 𝛽𝑒−(𝑘2+𝜆)𝑡 + 𝛾𝑒−(𝑘3+𝜆)𝑡𝑑𝑡 
Where R (m/y) is the net annual rainfall to the catchment which is equal to the annual 
flow per unit surface area of water removed from the catchment. This study also found 
the correlation between α and k1 is given by: 
𝛼 ≈
𝑘1𝜆𝑎
𝑅
 
From Helton et al.(1985), gives 𝜆𝑎= 0.001-0.02 and R  1 m y
-1 with k1 as above, the 
range of α is 0.013-0.26 m-1. However, Smith et al. (2005) assume that R < 1 m y-1 
resulting the conservative value of α for model of 0.3 m-1. 
To estimate β and γ, the values of both are given by linear relations with the percentage 
coverage of the catchment by these boggy and organic soils (Hilton, Livens, Spezzano, 
& Leonard, 1993; J. T. Smith, Howard, et al., 1998). The following linear relations have 
been used in the model: 
𝛽 = 𝛽1 ∙ 𝑓𝑚𝑖𝑛 + 𝛽2 ∙ 𝑓𝑜𝑟𝑔 
 
𝛾 = 𝛾1 ∙ 𝑓𝑚𝑖𝑛 + 𝛾2 ∙ 𝑓𝑜𝑟𝑔 
Where 1,2 and 1,2 are empirically determined constants which are 0.003, 0.05, 0.0002 
and 0.007 respectively,  forg is the fraction (by area) of the catchment which is covered by 
boggy and  organic soils, and fmin: the fraction not covered by boggy and organic soils. 
(b) 131I for river modelling 
Smith (2005) gives the value of α  = 1.0 m-1, , and Monte (1995) gives a value of k1 = 8.5 
y-1. There is no fixation in soil of 131I and physical decay is very short so that both    = 0 
and   = 0. 
2.6.2 Open Lake Modelling 
A lake can be defined as an open lake when water residence time is less than 1 year or 
the average depth of lake is greater than 7 metres. The model distinction between open 
and closed lakes is necessary to identify because the long-term contamination by 137Cs in 
closed lakes have clearly been shown to be higher than in open lakes which have more 
rapid flow rate of removal of water (Bulgakov et al., 2002).  
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For short-term, in the initial period, the contamination of a lake is dominated by a "spike" 
input or direct deposition to the surface of the lake (J. T. Smith, et al., 2005) which is 
given by  simple dilution: 
 
When CL(0) (Bq/m
3) is the initial mean lake water concentration, DL (Bq/m
2) is the 
deposition per square metre of lake surface , and d (m) is the mean depth of the lake. In 
this period, radionuclides from spike input only sink into sediment. In the long-term 
period, however, the activity concentration in open lakes is dominated by runoff from the 
catchment. Radionuclides continue to sink into the bed sediment but there is also transfer 
from sediment to lake by physical resuspension and chemical remobilisation (J. T. Smith, 
et al., 2005). In addition, in long-term period, Smith et al. (J. T. Smith, P. Leonard, Hilton, 
& Appleby, 1997) found that the radioactivity concentration in lake was approximately 
equal to the concentration in the inlets or streams. Smith and co-workers (J. T. Smith, et 
al., 2005) calculate the radionuclide activity concentrations in open lakes,  CL(t) (Bq/m
3), 
by using:
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Where DC (Bq/m
2) is the radionuclide deposition to the catchment, DL (Bq/m
2) the 
deposition per square metre of lake surface, d (m) is the mean depth of the lake, λ (y-1) is 
the decay constant of the radionuclide, parameter values of constants k1, k2 and k3 are 
determined as in the runoff model, and K (y-1) is the rate of removal of radionuclides to 
the lake bed sediments and outflow. 
(a)  Parameters for open lake modelling 
A key input parameter for modelling radiocaesium and 131I is the rate of removal of 
radionuclides to the lake bed sediments and outflow (K). For radiocaesium, the removal 
rate consist of the removal to sediment and the removal to the lake outflow (J. T. Smith, 
et al., 2005). Therefore, to predict radiocaesium in lakes (both open and closed lakes), the 
value of parameter K can be determined as below 
d
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TW is the water residence time of the lake (y), and TL is the rate of removal of radionuclides 
to bed sediments (y -1), these are given by: 
 
 
where R (m/y) is the net rainfall, VL (m
3) is the lake volume, Ac (m
2) is the catchment area, 
vp (m/y) the particle settling velocity, and fp is the particulate sorbed fraction which can 
be calculated from the radiocaesium distribution coefficient (Kd, m
3/kg) and the 
suspended solids concentration (s, mg/l) of the lake water: 
𝑓𝑝 =
𝑠𝐾𝑑
1+𝑠𝐾𝑑
 
Smith and co-workers (1999) observed the rate of removal of radiocaesium to the lake 
bed sediments and outflow (K) from sixteen Chernobyl contaminated lakes. It can be 
assumed that the rate of removal depends on the water residence time and the mean depth 
of the lake as follow 
 
 
Where 1, 2 and  are empirical parameters (Smith et al. (1999) gives 1 = 2.0 y-1  for 
estimating K value when only Tw is known, and 2  = 8.0 m y-1 and  =1.0 y-1 if 
measurements of both Tw and d are available. 
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(b) 131I for open lake modelling 
The removal rate 131I for open lake is based on the transfer to the lake outflow only, there 
is no significant transfer to the bottom sediment, so decline in concentration is assumed 
to be by dilution and physical decay only. Therefore, K for 131I can be estimated by (J. T. 
Smith, et al., 2005): 
 
Where TW can be calculated by using Equation 2-18. 
2.6.3 Closed Lake Modelling 
Under the AQUASCOPE model, the definition of a closed lake is that the water residence 
time is more than 1 year and the average depth of lake is less than 7 metres.  
(a) Radiocaesium for closed lake modelling 
The trend of 137Cs, in the long-term, in closed lakes is much higher than in runoff or river 
water and in open lakes (Bulgakov, et al., 2002). Another characteristic of closed lake (J. 
T. Smith, et al., 2005) is that the    long-term 137Cs concentration in water is dominated 
by resuspension and remobilisation from the sediment and the transfer from catchment 
can be neglected since there is little water inflow or outflow. Resuspension is a physical 
process in which 137Cs is removed back from sediment to water by wave action while 
remobilisation (Evans, Alberts, & Clark Iii, 1983) is the chemical transfer by anoxic 
conditions in the sediment (a total absence of oxygen). 
AQUASCOPE estimates radioactive concentration in water, CL (Bq/m
3) by using  
 
Where DL (Bq/m
2) the deposition per square metre of lake surface, d (m) is the mean 
depth of the lake, λ (y-1) is the decay constant of the radionuclide, K is the rate of removal 
of radionuclides to the lake bed sediments and outflow determined as for the radiocaesium 
removal rate in open lake modelling. The constants k2 and k3 have been observed to be 
similar to the rates of decline seen in rivers so these are assumed to have the same value, 
and η1 and η2 are the estimated empirically from measurements normalised to unit 
WT
K
1
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deposition to the lake surface (m-1).Smith et al. (2005) gives values of 1 = 0.04 m-1 and 
2 = 0.0085 m-1 from observations on nine closed lakes in European countries.  
(b) 131I for closed lake modelling 
Since physical decay of 131I is significant short lead to the transfer of 131I in lake to bottom 
sediment and lake outflow can be negligible. Therefore, the estimation of 131I 
concentration in water can be made by 
 
2.6.4 Fish Modelling 
The uptake (Hickey, Keith, & Coon, 1966; Rasmussen, Rowan, Lean, & Carey, 1990; 
Thomann, 1989) of radionuclides to fish occurs by ingestion and inhalation. The former 
is a primary pathway which most radionuclieds in food chain can transfer to fish, while 
the latter, the direct transfer via gills, is less significant. There are four main factors for 
the uptake into fish: the species of fish, the length of the food chain, water temperature, 
and the chemical properties of the water (J. T. Smith, et al., 2005).  
Basically, the level of radioactive contamination of fish can be defined by the 
Concentration Factor (CF, m3/kg) which is the factor relative to activity concentration in 
fish and water as shown below: 
𝐶𝐹 =  
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝑘𝑔 𝑜𝑓 𝑓𝑖𝑠ℎ (𝑤𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡)
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟 𝑐𝑢𝑏𝑖𝑐 𝑚𝑒𝑡𝑟𝑒 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟
 
In the short-term phase after the release from a nuclear accident which can be defined as 
the non-equilibrium phase, the radioactivity concentration in fish (J. T. Smith, et al., 2005) 
can be determined by using a simple “two-box” model as shown in Figure 2-4. 
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Figure 2-3 A simple “two-box” model describes the uptake and excretion of radioactive 
material of fish. 
Figure 2-4 shows the relation of the transfer of radionuclide between fish and water, 
where Cf is activity concentration of a radionuclide in fish (Bq/kg), Cw is the activity 
concentration of a radionuclide in water (Bq/m3), kf is the rate constant describing 
transfers of 137Cs to fish (m3/kg y) and kb is the backward rate constant describing 
excretion of radioactivity from the fish (y-1), and all parameters can be determined for the 
non-equilibrium phase in the following equation: 
𝑑𝐶𝑓
𝑑𝑡
= 𝑘𝑓𝐶𝑤 − (𝑘𝑏 + 𝜆)𝐶𝑓 
 
When the equilibrium phase is reached, the CF is defined as the ratio of uptake and 
excretion rate constants: 
𝐶𝐹 =  
𝐶𝑓
𝐶𝑤
=  
𝑘𝑓
𝑘𝑏 + 𝜆
 
 
(a) Radiocaesium for fish modelling 
Smith et al. (2000) and Blaylock (1982) show that CF of 137Cs had an inverse relation 
with potassium concentration in lake water, in which CF (J.T. Smith, A.V. Kudelsky, et 
al., 2000) can be determined as below 
𝐶𝐹 =  
𝑌
[𝐾+]
=  
𝑘𝑓
𝑘𝑏
 
To calculate kf, Equation 2-29 can be rewritten as below  
𝑘𝑓 =  
𝑌𝑘𝑏
[𝐾+]
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Where [K+] is the potassium concentration of the lake water in units µmol/L≡mmol/m3 
and Y is an empirically determined constant (µmol m3/kg). From observations from 10 
lakes in Russia, Belarus and Ukraine during 6-11 years after Chernobyl accident, Smith 
et al. (2000) gives Y = 462 and 61.3 µmol m3/kg, and kb = 0.511 and 8.4 (y
-1) for predatory 
and non-predatory fish respectively.  
Smith and co-worker’s study (2000) also concludes that the CF of predatory fish is higher 
twice than non-predatory and there was no observable difference in CF for different 
species of non-predatory. To contrast, predatory fish has the “size effect” for 
radiocaesium accumulation which is that the contamination increase when the fish size 
increase (Elliott et al., 1992; Hadderingh, van Aerssen, Ryabov, Koulikov, & Belova, 
1997; A. O. Koulikov & Ryabov, 1992). Elliott et al. (1992) found that the radiocaesium 
accumulation has a logarithmic relation with wet weight of fish which Smith et al. (2002) 
quantified using a power law to evaluate the radioactivity concentration for fish: 
𝐶𝑓 ∝  𝑤
𝑛 
Where w is wet weight of predatory fish (g), and n is an empirically determined 
coefficient: n = 0.34 for predatory fish and n = 0 for non-predatory fish. 
Therefore, the radioactivity concentration of radiocaesium in both predatory and           
non-predatory fish in rivers, open lake and closed can be calculated by using Equations  
2-32, 2-33 and 2-34 respectively as below 
To calculate radioactivity concentration of radiocaesium in fish in runoff or river: 
                     𝐶𝑓  = 𝐷𝑐 × 𝑒
−𝜆𝑡 × 𝑤𝑛
× [
𝑘𝑓 × 𝛼
𝑘𝑏 − 𝑘1
× (𝑒−𝑘1𝑡 − 𝑒−𝑘𝑏𝑡) +
𝑘𝑓𝛽
𝑘𝑏 − 𝑘2
× (𝑒−𝑘2𝑡 − 𝑒−𝑘𝑏𝑡)                           
+
𝑘𝑓𝛾
𝑘𝑏 − 𝑘3
× (𝑒−𝑘3𝑡 − 𝑒−𝑘𝑏𝑡)] 
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Fish in open lake: 
                       𝐶𝑓 = 𝑒
−𝜆𝑡 × 𝑤𝑛
× [(𝑘𝑓 × 𝐷𝐿 ×
𝑒−𝐾𝑡 − 𝑒𝑘𝑏𝑡
(𝑘𝑏 − 𝐾)𝑑
)                                                                                                     
+ 𝐷𝐶 × 𝛼 ×
𝑘𝑓
𝑇𝑊 × (𝐾 − 𝑘1)
× (
𝑒−𝑘1𝑡 − 𝑒−𝑘𝑏𝑡
𝑘𝑏 − 𝑘1
− 
𝑒−𝐾𝑡 − 𝑒−𝑘𝑏𝑡
𝑘𝑏 − 𝐾
)                                         
+× 𝛽 ×
𝑘𝑓
𝑇𝑊 × (
1
𝑇𝑊
− 𝑘2)
× (
𝑒−𝑘2𝑡 − 𝑒−𝑘𝑏𝑡
𝑘𝑏 − 𝑘2
−
𝑒
−
𝑡
𝑇𝑊 − 𝑒−𝑘𝑏𝑡
𝑘𝑏 −
1
𝑇𝑊
)                                        
+ 𝐷𝐶 × 𝛾 ×
𝑘𝑓
𝑇𝑊 × (
1
𝑇𝑊
− 𝑘3)
× (
𝑒−𝑘3𝑡 − 𝑒−𝑘𝑏𝑡
𝑘𝑏 − 𝑘3
−
𝑒
−
𝑡
𝑇𝑊 − 𝑒−𝑘𝑏𝑡
𝑘𝑏 −
1
𝑇𝑊
)] 
And fish in closed lake: 
                       𝐶𝑓 = 𝐷𝐿𝑒
−𝜆𝑡 × 𝑤𝑛                                
× [(
𝑘𝑓
𝑑(𝑘𝑏 − 𝐾)
× (𝑒−𝐾𝑡 − 𝑒−𝑘𝑏𝑡)) + (
𝑘𝑓 × 𝜂1
𝑘𝑏 − 𝑘2
× (𝑒−𝑘2𝑡 − 𝑒−𝑘𝑏𝑡))                           
+
𝑘𝑓 × 𝜂2
𝑘𝑏 − 𝑘3
× (𝑒−𝑘3𝑡 − 𝑒−𝑘𝑏𝑡)] 
Note that the value of parameters n, kf and kb in Equations 2.32-2.34 have to be chosen 
correctly for predatory or non-predatory fish. 
 
(b) 131I for fish modelling 
For 131I in AQUASCOPE, there is no difference between predatory and non-predatory 
fish, and it is assumed that the “size effect” does not influence the uptake into fish from 
different weights i.e.     n = 0 in Equation 2-31. 
 The uptake is principally via the food chain with assumed that fish feed at their maximum 
daily rate. Therefore, the uptake rate can be estimated by 
𝑘𝑓 =
𝐶𝑓𝑜𝑜𝑑 × 𝐷𝑚𝑎𝑥 × 𝜙 × 365 × 10
−3
𝐶𝑤 × 𝑤 × 10−3
=
𝐶𝐹𝑓𝑜𝑜𝑑 × 𝐷𝑚𝑎𝑥 × 𝜙 × 365
𝑤
 
Where Dmax is the maximum daily intake (wet weight) of food (g/d), Cfood is the activity 
concentration of the food, CFfood is the concentration factor of the food (e.g. plankton for 
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herbivores or herbivorous fish for piscivores),  is the assimilation efficiency (the fraction 
of amount ingested which is absorbed by the fish). Smith et al. (2005) gives  = 1.0,  Cfood 
= Cw, and CFfood = CFfish = 0.04 m
3/kg 
Dmax is the maximum daily intake (wet weight) of food (g/d) and can be determined by 
using Elliott’s model (1975): 
𝐷𝑚𝑎𝑥 = (4 × 10
−3)𝐴𝐷 × 𝑤
𝑏1 × 𝑒𝑏3𝑇 
Where T is water temperatures, and the parameters Ad, b1, b2 are the empirically 
determined constants. From the fish measurements in the Kiev Reservoir following the 
Chernobyl accident (I. I. Kryshev & Ryazantsev, 2000), Smith et al. (2005) concludes 
that kf = 0.593 m
3/kg and kb = 14.8 y
-1 which were used for prediction 131I in fish in 
AQUASCOPE. 
The concentration of 131I in both predatory and non-predatory fish in river can be 
calculated in AQUASCOPE by 
𝐶𝑓 =  𝐷𝐶 × 𝑒
−𝜆𝑡 ×
𝑘𝑓𝛼
𝑘𝑏 − 𝑘1
× (𝑒−𝑘1𝑡 − 𝑒−𝑘𝑏𝑡) 
For open lakes, the 131I concentration can be determined as below 
                     𝐶𝑓 =  𝑒
−𝜆𝑡
× [(
𝑘𝑓 × 𝐷𝐿
𝑑 × (𝑘𝑏 − 𝐾)
) × (𝑒−𝐾𝑡 − 𝑒−𝑘𝑏𝑡)                                                         
+ (
𝐷𝐶 × 𝛼 × 𝑘𝑓
𝑇𝑊 × (𝐾 − 𝑘1)
) × (
𝑒−𝑘1𝑡 − 𝑒−𝑘𝑏𝑡
𝑘𝑏 − 𝑘1
−
(𝑒−𝐾𝑡 − 𝑒−𝑘𝑏𝑡)
𝑘𝑏 − 𝐾
)] 
Finally, in closed lake, 131I contaminate in fish can be calculated by 
𝐶𝑓 =
𝐷𝐿 × 𝑘𝑓
(𝑑 × 𝑘𝑏) × 𝑒−𝜆𝑡 × (1 − 𝑒−𝑘𝑏𝑡)
 
Note that 131I estimations requires DC for river modeling, DC and DL with (TW and K in 
Equation 2-38 which can be calculated by using Equation 2-18 and 2-23 respectively) for 
open lake, and only DL for closed lake. Other parameters are empirically determined 
constants as shown in Table 2-5. 
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Table 2-5 Empirically determined parameters for AQUASCOPE for prediction of radiocaesium in freshwater and fish. 
Parameter Value Resource and note 
k1 18 y-1 Ursula et al. (1987), Schoer (1988), Voitsekhovitch et al. (1991) and Monte (1995) 
k2 0.41 y-1 Smith et al. (2000; 1998a; 2000) 
k3 0.02 y-1 Smith et al. (2000; 1998a; 2000) 
α 0.3 m-1 Helton et al.(1985) and Smith et al. (2005) 
1 0.003 m-1 Hilton et al. (1993) Smith et al. (1998) 
2 0.05 m-1 Hilton et al. (1993) Smith et al. (1998) 
1 0.0002 m-1 Hilton et al. (1993) Smith et al. (1998) 
2 0.007 m-1 Hilton et al. (1993) Smith et al. (1998) 
1 0.04 m-1 Smith et al. (2005) 
2 0.0085 m-1 Smith et al. (2005) 
Ypredatory fish 492 µmol m3/kg Smith et al. (2000) 
Ynon-predatory fish 61.3 µmol m3/kg Smith et al. (2000) 
𝑘𝑏𝑝𝑟𝑒𝑑𝑎𝑡𝑜𝑟𝑦 𝑓𝑖𝑠ℎ 0.511 y
-1 Smith et al. (2000) 
𝑘𝑏𝑛𝑜𝑛−𝑝𝑟𝑒𝑑𝑎𝑡𝑜𝑟𝑦 𝑓𝑖𝑠ℎ 8.4 y
-1 Smith et al. (2000) 
 
Table 2-6 Emperically determined parameters for AQUASCOPE for prediction 131I in freshwater and fish. 
Parameter Value Resource and note 
k1 8.5 y
-1 Monte (1995) 
k2 0 y
-1 no fixation 
k3 0 y
-1 short half-life 
α 1.0 m-1 Smith (2005) 
 0 m-1 no fixation 
 0 m-1 short half-life 
kf 0.593 m
3/kg Smith (2005) 
kb 14.8 y
-1 Smith (2005) 
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2.6.5 Other models for aquatic ecosystems 
Following the Chernobyl accident, there were a number of studies focusing on 
contamination of radiocaesium in aquatic ecosystems. 
A dynamic model for estimated contamination of radiocaesium in both freshwater and 
fish was developed by Koulikov and Meili (2003). The change with time of radiocaesium 
concentration in water and fish were modelled using these assumptions: “a) potassium 
acts as a biogeochemical equivalent of caesium; b) the concentration of potassium in fish 
and other biota is rather constant; and c) the main source of potassium in freshwater fish 
is the dietary uptake".   
137Cs concentration in water (AW) decreased as a two-term of exponential function 
including “fast” and “slow” decrease of radiocaesium which can be determined at t time 
as below 
𝐴𝑊 = 𝐾𝑊
𝐹 𝑒−𝜆𝐹𝑡 + 𝐾𝑊
𝑆 𝑒−𝜆𝑆𝑡 
Where 𝐾𝑊
𝐹 and 𝐾𝑊
𝑆  are the transfer coefficients of fast and slow decline of radiocaesium 
in freshwater, and 𝜆𝐹 and 𝜆𝑆  are the rate constants of fast and slow decline process 
respectively.  
In Koulikov and Meili’s model, estimating 137Cs concentration in fish in member j of 
trophic level (Aj) can be calculated as below 
𝐴𝑗 = 𝑒
−𝜆𝑗
𝐶𝑠𝑡 × {𝑇𝑗−1
𝑗 ∫ 𝐴𝑗−1𝑒
𝜆𝑗
𝐶𝑠𝑡𝑑𝑡 + [𝐴𝑗(𝑡=0) − (𝑇𝑗−1
𝑗 ∫ 𝐴𝑗−1𝑒
𝜆𝑗
𝐶𝑠𝑡𝑑𝑡)
(𝑡=0)
]} 
Where 𝜆𝑗
𝐶𝑠the empirical is rate constant of radiocaesium in fish at level j of food change, 
and 𝐴𝑗−1 is radioactivity concentration of radiocaesium in fish at previous level (j-1). 
𝑇𝑗−1
𝑗
is a complex transfer coefficient between level j and j-1 which can be calculated by 
using the empirical is rate constant of radiocaesium (𝜆𝑗
𝐶𝑠) and potassium (𝜆𝑗
𝐾) in fish at 
level j, the assimilation efficiencies of radiocaesium (𝛼𝑗
𝐶𝑠)  and potassium (𝛼𝑗
𝐾), and 
potassium concentration (Cj and Cj-1) in fish at j and j-1 level of food change in equation 
below 
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𝑇𝑗−1
𝑗 = 𝜆𝑗
𝐾 ×
𝛼𝑗
𝐶𝑠
𝛼𝑗
𝐾 ×
𝐶𝑗
𝐶𝑗−1
 
Similarly to AQUASCOPE, Koulikov and Meili also found that the uptake of 
radiocaesium in fish was different between predatory and non-predatory fish, and the 
level of 137Cs contamination depended on potassium concentration in freshwater. [Note 
that no values of these parameters were given in this study]. 
Sundbom and co-workers (2003) studied the contamination of 137Cs in fish at three lakes 
in Sweden namely Ekholmssjön, Flatsjön and Siggeforasjön, the model focused on long-
term concentration by using contamination in fish during initial period of deposition to 
these lakes. The change with time of concentration of 137Cs (Bq kg-1 fresh weight, Csfish) 
in fish can be determined as below  
𝐶𝑠𝑓𝑖𝑠ℎ = 𝐴(𝐶𝑠𝑚𝑎𝑥 − 𝐶𝑠𝑏𝑎𝑠𝑒) (𝑒
𝐵𝑡
𝑡𝑚𝑎𝑥 − 𝑒
𝐶𝑡
𝑡𝑚𝑎𝑥) + 𝐶𝑠𝑏𝑎𝑠𝑒𝑒
−𝜆𝑡 
Where  Csmax (Bq kg
-1) is the maximum activity concentration  after the time of first  
deposition  into the lake until concentration reach to maximum peak (day, tmax) and Csbase  
(Bq kg-1) is the near steady-state level of 137Cs (slow decline during long-term period).  
Figure 2-4 shows these key parameters for modelling the change with time of the 
concentration of 137Cs in pike from Flatsjön Lake in Sweden where Csmax = 10.5×10
3 Bq 
kg-1, tmax = 690 days and Csbase = 2.8×10
3 Bq kg-1. 
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Figure 2-4 Illustration of key parameters for modelling the change with time of the 
concentration of 137Cs in pike from Flatsjön Lake in Sweden. 
The parameter   is the empirical long-term decline rate of 137Cs in fish which was 0.015 
year-1 (ecological half-life = 
0.693
0.015
 = 46 years which was similar to physical decay of 137Cs) 
from a study (Sundbom, Meili, Andersson, Östlund, & Broberg, 2003) of these three lakes 
during 1986-2000, and A, B and C in Equation 2-40 can be calculated by using 
𝐴 =  
𝑅
𝑅
𝑅−1
𝑅 − 1
 
𝐵 =
𝑙𝑛𝑅
𝑅 − 1
 
𝐶 =
𝑅 𝑙𝑛𝑅
𝑅 − 1
 
R is the ratio of incline and decline rate of 137Cs in fish before and after a peak of 
deposition in lake.  
Sundbom et al. found that tmax increased when size of fish increased and trophic level was 
higher, Csmax also increased with size but it was highest at the bottom of trophic level, and 
Csbase did not change with size but increased by factor of 1.8 for an upper level of trophic 
level. 
Another model, Kryshev and Ryabov (2000) estimated radiocaesium in fish at many 
contaminated freshwater systems contaminated by Chernobyl’s fallout. The accumulation 
of radiocaesium in fish was influenced by age class which describes a specific growth 
rate, diet and activity of metabolic processes.The total radiocaesium activity in the fish 
(A. Kryshev & Ryabov, 2000) from a particular age class (Bq, Y) at t time can be given 
𝑑𝑌
𝑑𝑡
=  𝐼𝑁𝑇𝐴𝐾𝐸𝑟𝑎𝑑 − 𝜆𝑌 − 𝜀𝑌 
Where 𝐼𝑁𝑇𝐴𝐾𝐸𝑟𝑎𝑑the intake of radiocaesium by the fish is, 𝜆 is the radioactive decay 
constant of 137Cs and 𝜀 is the rate of biological elimination of 137Cs from the muscles of 
the fish. Since 𝐼𝑁𝑇𝐴𝐾𝐸𝑟𝑎𝑑 =  𝑋
𝑄1
𝐴
𝑄0
𝐴 [
𝑑𝑀
𝑑𝑡
+ 𝜀𝐴𝑊] (
𝑄1
𝐴
𝑄0
𝐴 from Kryshev & Ryabov’s 
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observation = 1.0 for carp and 1.2 for pike-perch) and expressing activity concentration 
in unit Bq per kg of fish (𝑦 =
𝑌
𝑀
), the activity concentration of 137Cs in each discrete 
generation of fish can be calculated as below 
𝑑𝑦
𝑑𝑡
=  
𝑋
𝑀
𝑄1
𝐴
𝑄0
𝐴 [
𝑑𝑀
𝑑𝑡
+ 𝜀𝐴𝑊] − (𝜆 + 𝜀𝐴
𝑊
𝑀
+
1
𝑀
𝑑𝑀
𝑑𝑡
) 𝑦 
Where X is the concentration of radionuclide in the food of the fish (Bq/kg), M is the fish 
weight averaged over a particular age class (kg), 𝑄1
𝐴 and 𝑄0
𝐴 are the concentration of the 
stable bioelement analogue in the fish and the food of the fish respectively, 𝜀𝐴  is a 
coefficient of proportionality between the elimination rate of the bioelement, and W is the 
general rate of metabolism (gram per hour) which can be determined (Ivlev, 1962; 
Winberg, 1956) as below 
𝑊 = 0.0048 ×  𝛼1𝑀
𝛼2𝐾𝑚𝑜𝑣𝛽0𝑒
𝛽𝑇 
Where 𝛼1 and 𝛼2 are empirical parameter which are 0.467 and 0.8 for carp and 0.116 and 
0.83 for pike-perch (A. Kryshev & Ryabov, 2000) respectively, 𝐾𝑚𝑜𝑣  is a correction 
factor allowing for the fact that the fish spend energy on both internal processes and 
movement (from Ivlev (1962), 𝐾𝑚𝑜𝑣  = 2), 𝛽  is  a parameter for the temperature 
dependence of the fish metabolism, 𝛽0 is a normalizing factor selected in such a way that 
at 20C and term 𝛽0𝑒
𝛽𝑇 = 1, and T is temperature in C. 
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Chapter 3 Isotopic Ratio 
 
3.1 Introduction 
The various radionuclides (mainly fission products) released from Fukushima have 
widely different half-lives and potentially different removal rates from air to soil (see 
Section 1.3). Therefore, the concentration of each nuclide varies significantly with site 
and time since release as after Chernobyl (Mück, et al., 2002; 2000), decay-corrected 
isotope ratios will be used to interpret measurement data in soil and air, and to model 
external dose rates. 
In this research, the variation in isotopic ratios will be used to study the geographical 
changes in radionuclides released from Fukushima to areas worldwide and particularly in 
the most contaminated near-zone. The isotopic ratio is a simple method, with no necessity 
to measure the total amount of all nuclides in an environmental compartment and can be 
used to evaluate contamination back to the initial period after the accident.  
3.2 Methodology  
During the weeks following the accident, a large number of measurements of various 
radioisotopes were made in soil and air at sites in Japan and around the world.  The   main 
monitoring programme conducted in Japan only provided continuous measurement of 131I 
and 134,137Cs in air and a range of sites in the near zone (20-80 km) (MEXT, 2011a, 2011b, 
2011c). 132Te/132I and 136Cs are key radioelements for formation of external gamma dose 
in the early phase (See Section 4.2.2), but relatively few measurements of these nuclides 
were available in soil. Therefore, determination of accurate ratios of 132Te:137Cs and 
136Cs:137Cs, and investigation of variation with distance and direction are essential for 
evaluating contamination characteristics and early-phase external gamma dose.  
Other radionuclides, including 95Nb, 99Mo/99mTc, 110mAg, 129mTe/129Te, 133I, 140Ba/140La 
also had few measurements available (JAEA, 2012; Kanai, 2012; Stoehlker, et al., 2011). 
These radioisotopes, however, were not found to be significant for formation of the 
external gamma dose. The available measurements of the key dose forming radionuclides 
were reviewed and their decay corrected ratios RN:137Cs determined.  . Since 137Cs is 
longest fission product, it persists in contaminated soils for long periods of time and hence 
can be measured in soil for many years following an accident. By determining ratios of 
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shorter-lived isotopes in relation to 137Cs, early-phase contamination and external dose 
can be reconstructed at any site if the 137Cs can be measured. This can in principle be used 
many years after fallout, though the potential for reduction of measured 137Cs with time 
via soil erosion and migration needs to be taken into account. 
3.2.1 Corrected time 
All isotope ratios were corrected back to 14:46 on 11 March 2011 (JST) when all reactors 
shut down automatically as a result of the earthquake and when the production of fission 
products had stopped. Although radionuclides were also released from spent fuels in the 
cooling pond of Reactor 4 (Stohl et al., 2011) and the Japanese authorities have not 
revealed any information of reactor cores and spent fuels, the stopping time of reactors is 
the best point for correction if the leaks from reactor cores are to be determined.  
3.2.2 Key radionuclides for isotopic ratios 
As discussed above, a large number of different radionuclides were released in the 
accident. To develop a model for the external gamma dose rate it is important to determine 
which of these made a significant contribution to external dose. Because of their 
significant gamma emissions and high concentrations in soil, Section 4.2.2 will verify 
that 131I, 132Te/132I, 134Cs, and 137Cs made a significant contribution and 136Cs could also 
have potentially contributed to dose in the early phase.  In addition, it will be shown that 
external gamma dose in the initial phase was dominated by contaminated radionuclides 
in soil, while the gamma radiation emitted from radionuclides in the cloud was much less 
significant (Section 4.2.4). 
3.2.3 Isotope ratios as a function of direction and distance 
Following the Chernobyl accident, corrected isotopic ratios of nuclides to 137Cs were a 
function of direction and distance. A study by Muck et al (2000) showed that the ratios 
134,136Cs:137Cs and 132Te:137Cs were consistent with direction and distance, while 131I:137Cs 
was different in different directions around the near-zone and decreased as distance from 
NPP increased (Mück, et al., 2000).  
Available measured data of key radionuclides in both air and soil from many literature 
sources and monitoring reports following the Fukushima accident were compiled and 
analysed in terms of decay-corrected isotopic ratios as a function of direction and distance 
 59 
from Fukushima. The hypothesis of this research, is that decay corrected ratios of volatile 
radioisotopes should be similar to those observed after the Chernobyl accident.  
In particular, in the near-zone where external gamma dose was significantly high for 
residents and there were differences in contamination between different directions and 
distances (MEXT, 2011a, 2014), corrected ratios are useful for reconstruction of gamma 
dose in the near zone. 
Note that distance from the NPSs to sampling points were estimated by using vector 
distances for area within Japan (<1,200 km) while following the pattern of the worldwide 
plume dispersion (Section 1.4.3) for larger distances. 
3.2.4 Data and statistical methods 
At each sampling site, the average value calculated from corrected ratios of all samples 
(each radionuclide) was represented by the mean value for each site.  This decay corrected 
mean was then used to determined correlations with direction and distance. The reason 
for using the mean at each site is that, for example, if one site had only one measurement 
while another had lot of measured data, use of raw data would bias the analysis towards 
sites with more measurements  
If it could be shown that, as after the Chernobyl accident (Muck et al 2002), the corrected 
ratios of 132Te, 134,136Cs to 137Cs were consistent with direction and distance, then general 
corrected ratios representing the value of each nuclide independent of direction and 
distance could be determined by taking the overall mean of all sampling sites. The S.E. 
(Standard Error) representing the real mean of the population (Altman & Bland, 2005; 
Nagele, 2003) will be used for uncertainty of the general corrected ratios, while S.D. 
(Standard Deviation) indicates the level of between-site variability.  This variability of 
site-to-site might vary significantly due to a number of factors including different 
episodes of depositions, characteristics of the ground such as type, density and 
radionuclide-absorption of soil, whereas the general corrected ratio represents the real 
mean from the Fukushima release without the influence of these other parameters. 
The measurement data were divided into four groups based on distance from Fukushima 
I NPSs  i.e. near zone around NPSs (<80 km), outside near-zone but still in Japan (80-
2,000 km), sites in Pacific Ocean and US territory (2,000-12,000 km) and monitoring 
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sites in EU (>12,000 km). The corrected ratios of key radionuclides in each group were 
determined for normality by using Shapiro-Wilk test because the number of sites in each 
group were lower than 30 samples which is the minimum criteria for best test by the 
Kolmogorov-Smirnov method (D'agostino, Belanger, & D'Agostino Jr, 1990). The 
hypothesis of normality in Shapiro-Wilk (Razali & Wah, 2011; Shapiro & Wilk, 1965) 
or Kolmogorov-Smirnov method (Sheskin, 2003) is rejected if the p-value is below 0.05 
(95% of confidence). To determine significant differences, a t-test is a method for 
comparing two normally distribute groups (Sheskin, 2003) in which the p-value has to be 
less than 0.05 (Hinton, McMurray, & Brownlow, 2014), and a Mann-Whitney test is used 
for nonparametric-nonparametric or nonparametric-parametric group comparisons (Hole, 
2013) in which the correction ratios from two groups are significantly different if UA from 
this method is lower than the critical values (Billiet, 2013). Critical values in the Mann-
Whitney test can be found in Critical Value for the Mann-Whitney U-Test (Billiet, 2013) 
in which the value depends on the number of both samples, the minimums are 5 for large 
sample group and 3 for smaller. 
3.2.5 Field measurements 
This research collaborated with the Ukrainian Institute of Hydrometeorology who 
supplied measurements of radioactivity concentration in air in Ukraine as shown in Table 
3-1. Their sampling methods will briefly be described here. The air sampling pump and 
filter were located at Rivnenska NPP (49°32'51.81"N, 30°50'40.01"E), and activity was 
measured using a gamma spectrometer. Routine monitoring was performed daily. The 
contaminated cloud including key nuclides except 136Cs (no measurement) reached this 
site on 24 March 2011. The very short-lived nuclide 132Te was observed in air at this site 
for 9 days since first detection; 131I and 134Cs were observed longer until 24 April, after 
which there was only long-lived 137Cs. This site is approximately 2,264 km from 
Fukushima I NPSs, and the corrected ratios during one month were 65.4, 24.3 and 1.03 
for 131I, 132Te and 134Cs respectively. 
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Table 3-1 Particulate air sampling measurements and corrected ratios to 137Cs at 
Rivnenska Nuclear Power Plant in Ukraine conducted by the Ukrainian Institute of 
Hydrometeorology (the date for corrected ratio is 11/03/2012 14:46) 
Mid time of Exposure 
(UTC time) 
Radionuclide activity concentration (Bq/m3) 
131I 132Te 134Cs 137Cs 
24/03/2011 00:00 3.76E-04 2.21E-05 2.21E-05 2.77E-05 
26/03/2011 00:00 6.59E-04 - 2.44E-05 3.25E-05 
27/03/2011 00:00 2.27E-04 - 3.67E-05 4.40E-05 
28/03/2011 12:00 6.22E-04 3.24E-05 1.08E-05 2.16E-05 
30/03/2011 00:00 6.32E-03 1.07E-04 5.37E-04 4.16E-04 
31/03/2011 00:00 3.63E-03 6.13E-05 4.56E-04 3.20E-04 
01/04/2011 00:00 1.93E-03 - 2.68E-04 2.03E-04 
02/04/2011 00:00 1.60E-03 9.75E-05 3.97E-04 3.41E-04 
03/04/2011 12:00 4.08E-03 1.02E-04 1.23E-03 1.11E-03 
05/04/2011 00:00 2.54E-03 - 5.80E-04 5.12E-04 
06/04/2011 00:00 1.52E-03 - 5.30E-04 4.17E-04 
07/04/2011 00:47 5.87E-04 - 1.13E-04 1.13E-04 
08/04/2011 02:35 2.41E-04 - 3.16E-05 3.80E-05 
10/04/2011 00:40 1.34E-04 - 2.23E-05 2.23E-05 
11/04/2011 22:37 1.97E-04 - 5.09E-05 6.36E-05 
13/04/2011 23:02 1.06E-04 - 2.53E-05 2.07E-05 
16/04/2011 23:27 9.80E-05 - 2.00E-05 2.45E-05 
20/04/2011 12:15 7.01E-05 - 1.88E-05 2.56E-05 
24/04/2011 12:50 4.05E-05 - 1.52E-05 1.35E-05 
Mean corrected ratio 6.54E+01 2.43E+01 1.03E+00 1.98E-04 
(± 2 S.E.) 1.48E+01 1.57E+01 1.16E-01 1.27E-04 
 
3.2.6 Calculated ratios in the fuel inventory 
Ratios in the Fukushima reactor cores and spent fuel pools at the time of the accident can 
be used to compare with corrected ratio in air and soil to help evaluate the transfer of 
radioactive isotopes. Since there is a lack of data on the inventory of reactor cores and 
spent fuel pools, the ratio in reactor cores and spent fuel pools can be estimated by using 
calculations. Nishihara (2012) used the last information before the accident of inventories 
of cores of Unit 1-3 (all nuclear fuel assemblies in Unit 4 had been removed to spent fuel 
pool for preparation of new fuel replacement (Povinec, et al., 2013)) and spent fuel pools 
of Unit 1-4 , burn-up  information, and release amount  in environment to calculate the 
amounts of radioactive nuclides present in Fukushima  I NPSs. The ratios of key 
radionuclides to 137Cs from Nishihara’s calculation are shown in Table 3-2.   
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Table 3-2 The calculation of the radionuclide inventory in the reactor cores and spent 
fuel pools (Kenji Nishihara et al., 2012). 
Inventory 
Ratio to 137Cs 
131I 132Te 134Cs 136Cs 
Unit 1     
Core  6.65 9.65 0.94 0.27 
Spent fuel pool 1.02E-13 - 0.53 1.03E-09 
     
Unit 2     
Core  9.15 13.15 1.08 0.31 
Spent fuel pool 2.78E-07 4.39E-17 0.65 7.59E-06 
     
Unit 3     
Core  9.63 13.96 1.04 0.34 
Spent fuel pool 2.21E-10 - 0.74 1.13E-07 
     
Unit 4     
Core  - - - - 
Spent fuel pool 5.21E-04 1.44E-09 0.68 7.30E-04 
Mean ratio in core 8.48 12.25 1.02 0.31 
Mean ratio in spent fuel pool 1.30E-04 7.18E-10 0.65 1.84E-04 
 
From Nishihara’s calculation, the total amount in all Units of short-lived nuclides 131I, 
132Te and 136Cs in spent fuel pools (total amount of each nuclide: 4.61×1014, 1.27×109, 
6.49×1014 Bq) were remarkably lower than the total amount in reactors cores (6.02×1018, 
8.68×1018, 7.19×1017 Bq) due to the decrease by physical decay. The estimated total 
amount of all reactor cores and all spent fuel pools were 7.04×1017 and 1.89×1018 Bq 
respectively for 137Cs and 7.19×1017 and 1.27×1018 Bq for 134Cs so that it can be 
concluded that the major amount of 131I, 132Te and 136Cs were from the reactor cores as 
the amount of these nuclides in spent fuel pools was significantly lower than in reactor 
cores by magnitudes of four, nine and two respectively. For 134Cs, the decayed amount in 
spent fuel pools still was around half of 137Cs and total amount was more than in all reactor 
cores, the ratio 134Cs:137Cs should be from total amount from reactor cores and spent fuel 
pools of both nuclides which given ratio = 0.77. Therefore, ratio of 134Cs: 137Cs from 
environmental samples will identify whether the major release of 134Cs was from reactor 
cores, spent fuel pools or both. In addition, 134Cs is from neutron activation of 133Cs while 
137Cs is produced by fission, the behaviour of both nuclides in environment is the same 
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as the stable element, the activity ratio of 134Cs: 137Cs in reactor from both productions is 
proportional to integrated neutron flux or therefore to the burnup (Doyle, 2011) and 134Cs: 
137Cs ratio is dependent on the value of burnup (Choppin, Liljenzin, & Rydberg, 2002; T. 
Endo, Sato, & Yamamoto, 2011; Povinec, et al., 2013; Sengupta, 2014). 
3.3 Results 
3.3.1 Corrected ratios of particulates in air  
After the Fukushima accident, continuous monitoring of air was established in the near-
field zone (within 80 km) by the Japanese Ministry of Education, Culture, Sports, Science 
and Technology (MEXT). This monitoring mainly measured particulate radioactivity in 
air, and concentrated on high concentration radionuclides 131I and 134,137Cs, while 132Te 
and 136Cs were not measured (MEXT, 2011a). Moreover, most sites started measurements 
after 20 March, 9 days after the earthquake or 5 days after the time of highest deposition 
(Kinoshita, et al., 2011) so that 131I:137Cs are not considered because short half-life 8.02 
days of 131I resulting the significant decreasing amount by physical decay.  
The decrease of radionuclide activity concentration in air was not monotonic: activity 
concentrations varied depending on weather conditions, wind speed and direction, and 
precipitation are extremely impact factors in determining activity concentrations, as well 
as variation in releases from the NPP. Following the Chernobyl accident, around 70% of 
131I release was ins gaseous form (Cambray, et al., 1987; Clark & Smith, 1988; Mück, et 
al., 2002; Spezzano & Giacomelli, 1991) which is similar to the results of JAEA 
measurements for the Fukushima accident (JAEA, 2012). The deposited velocity of 
gaseous 131I is higher than 137Cs in dry conditions and lower in wet conditions, while 
134,136Cs has same deposited velocity with 137Cs as both are the same elements (F. B. 
Smith & Clark, 1989). Monitoring of 131I started at 9 days after earthquake which does 
not properly represent 131I from the initial release because this was not only 131I released 
from the NPSs in the first plumes (NW plume) but also included 131I released 
continuously from NPSs with different rates of release after the first plumes. The 
consequence is that the late starting of this monitoring might influence the calculation of 
corrected ratio of 131I:137Cs ratio in the near-zone so this is not appropriate for comparison 
with the ratio at larger distances. So it is important to avoid interference of the different 
releases of 131I: the details of this are discussed in Section 3.3.6. It is important to note 
 64 
that 131I data at all larger distances included 131I from both plumes, thus these can be used 
131I to determine the corrected ratio. Therefore, only the corrected ratios of 134Cs:137Cs 
from this monitoring (near-zone) to compare with larger distances.   
As shown in Figure 3.1, ratio of 134Cs:137Cs (particulate) in air was constant with distance 
and also with direction, having mean 1.03 (± S.E. 0.05) based on 68 samples and 17 sites.  
The 131I: 137Cs ratio varied significantly with distance and direction (Figure 3-2) with 
mean 31.80 (± S.E. 6.43) from 90 samples and 22 sites. The ratio in the South tended to 
be higher than in other directions, in agreement with the map of deposited ratios by 
Kinoshita and co-workers (2011) in Figure 2-1. The details of mean ratios of 134Cs and 
131I to 137Cs of all air sample sites within the near-zone are shown in Table B-1, Appendix 
B. 
Outside the near-zone in Japan, there were fewer monitoring sites for airborne 
radioactivity. Five sites to the southwest and south of Fukushima I NPS (discussed in 
section 1.4.2 above: JAEA at Ibaraki prefecture (JAEA, 2012), Waku Institute at Saitama 
prefecture (RIKEN, 2011), CTBT at Gunma prefecture (Stoehlker, et al., 2011), JCAC at 
Chiba prefecture (Amano, et al., 2012)) were at distances of approximately 100-200 km. 
Another relevant measurement site for 134Cs and 131I to 137Cs (particulates) in air was 
Kyushu University, Fukuoka prefecture (Momoshima, et al., 2012) located about 1,100 
km to the southwest. All of these sites were in the passage of both significant plumes 
(Kinoshita, et al., 2011). The ratios obtained at these sites are shown in Table 3-3 (data 
on ratios each site are shown in Table B-2 in Appendix B). The ratio 131I:137Cs (mean = 
70.88, S.E. = 31.78, sample = 234 and sites = 5) was higher than that in the near-zone 
area by factor of two while 134Cs:137Cs (mean = 0.99, S.E. = 0.10, sample = 217 and sites 
= 5) and 132Te:137Cs (mean = 17.49, S.E. = 1.07, sample = 226 and sites = 5) were still 
constant with increasing distance (Figure 3-3).  
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Figure 3-1 Corrected 134Cs:137Cs (both are particulate form) in air in different directions 
in the “near-zone” of Fukushima I NPSs (>80 km). From data given in MEXT (2011a). 
 
Figure 3-2 Corrected 131I:137Cs (both in particulate form) in air in different directions in 
the “near-zone” of Fukushima I NPSs (>80 km). From data given in MEXT (2011a). 
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In the Pacific Ocean and the United States territories, numerous sites (Appendix C-2) 
were measured for atmospheric radionuclides (Leon et al. (2011), UCB (2011), 
MacMullin et al. (2012), EPA (2011) and Biegalski et al. (2011)). Table 3-3 and Figure 
3-4 illustrate the values and relevant of ratios at longer distances (2,000 to 12,000 km). 
Comparing these ratios with ratios in Japan, it clear that the corrected ratio of 134,136Cs 
and 132Te to 137Cs were consistent with distance (mean = 0.99, 0.19 and 17.49 for 134,136Cs 
and 132Te: 137Cs respectively). 131I:137Cs was similar to the ratio in Japan outside the near-
zone, but the mean was much more uncertain than for other nuclides, S.E. = 13.46, 0.03, 
0.02 and 2.10 for corrected ratio of 131I, 134,136Cs and 132Te to 137Cs respectively. 
In Europe, there were a large number of sites monitoring ambient radioactivity: Pinero et 
al. (2012), Perrot et al. (2012), Loaiza et al. (2012), Pham et al. (2012), Bossew et al. 
(2012), Carvalho et al. (2012), HPA (2011), Gudelis et al. (2012) and Chaisan et al. (2013) 
[196 samples and 22 sites in 10 countries as shown in detail in Table B-2 in Appendix B]. 
From Figure 3-5 and Table 3-3 it is seen that 134Cs:137Cs and 136Cs:137Cs were relatively 
constant with distance in Europe. For 134Cs:137Cs, average ratio was 0.91 (with S.E. 0.03) 
while 0.19 (SE 0.02) was the ratio for 136Cs:137Cs. In the case of 132Te:137Cs, the ratio was 
22.01 with a relatively high S.E. of 3.02. Similar to other areas, there was high variability 
in the ratio of 131I to 137Cs (mean = 77.12 and S.E. = 8.30).  
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Figure 3-3 Illustration of the ambient particulate ratios (corrected for decay) of 
134,136Cs, 131I and 132Te to 137Cs in “outside near-zone” of Fukushima I NPSs (>80 km to 
1,200 km). 
 
Figure 3-4 Illustration of the ambient particulate corrected ratio of 134,136Cs, 131I and 
132Te to 137Cs in Pacific Ocean and United state (1,200 to 12,000 km). 
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Figure 3-5 Illustration of the ambient particulate corrected ratio of 134,136Cs, 131I and 
132Te to 137Cs in Europe (>20,000 km). 
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Table 3-3 Average corrected mean ratios to 137Cs from release of Fukushima (± S.E., based on variation of means between sites). 
 
Radioisotope 
Soil samples in  
near-zone 
(<80 km) 
Air samples in  
near-zone 
(<80 km) 
Particulate 
Air samples in  
Japan 
(80-2,000 km) 
Particulate 
Air samples in 
Pacific Ocean and 
US 
(2,000-12,000 km) 
Particulate 
Air samples in 
EU 
(>20,000 km) 
Particulate 
131I 
22.1±1.8 31.80±6.43 * 70.88±31.76 69.5±13.46 77.12±8.30 
Sites = 144 
Samples = 1,794 
Sites = 22 
Samples = 90 
Sites = 5 
Samples = 234 
Sites = 20 
Samples = 457 
Sites = 22 
Samples = 196 
      
132Te 
18.3±0.9 
No data 
17.49±1.07 17.13±2.10 22.01±3.02 
Sites = 20 
Samples = 20 
Sites = 4 
Samples = 226 
Sites = 21 
Samples = 455 
Sites = 22 
Samples = 196 
      
134Cs 
0.90±0.01 1.03±0.05 0.99±0.10 0.87±0.03 0.91±0.03 
Sites = 146 
Samples = 1,817 
Sites = 17 
Samples = 68 
Sites = 5 
Samples = 217 
Sites = 20 
Samples = 420 
Sites = 22 
Samples = 193 
      
136Cs 
0.23±0.01 
No data 
0.19±0.01 0.22±0.002 0.19±0.02 
Sites = 88 
Samples = 283 
Sites = 4 
Samples = 105 
Sites = 11 
Samples = 184 
Sites = 9 
Samples = 27 
* Note that these measurements began 4-5 days after the passage of the initial plumes so, because the 131I:137Cs ratio varied with release time, 
cannot be directly compared with other data and are not included in Figure 3-6. 
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 (a) (b) 
 
Figure 3-6 Average corrected ratios to 137Cs of 131I, 134, 136Cs and 132Te in (a) soils and (b) air particulates. Many of the 131I measurements in air 
taken in the vicinity of Fukushima I NPSs were excluded from (b) as sampling did not begin until some days after the radionuclide release. 
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The statistical analysis of corrected isotope ratios in air at different distances from 
Fukushima is shown in Table 3-4. All ratios of key radionuclides were tested for 
normality by the Shapiro-Wilk test for low sample numbers (N<30), then the change of 
ratio with increasing distance was investigated by a t-test for ratios between both normal 
distributions, and using the Mann-Whitney test between both non-normal distribution or 
between normal and non-normal distribution. The results show that the ratio134Cs:137Cs 
was relatively constant with distance, but the ratio in the near zone is likely slightly higher 
than at further distances. Means of particulate 134Cs:137Cs were normally distributed for 
the near-zone, in Japan outside near-zone and EU while mean of Pacific Ocean and US 
was nonparametric. Statistical methods and results to test different 134Cs:137Cs ratio 
between two groups are presented in Table 3-3 which shows that there is only a 
significantly different ratio between near-zone area and EU (by t-test between both 
parametric distributions) while there was no difference between other groups. Therefore, 
ambient 134Cs:137Cs ratios show low variability and are relatively constant with distance 
with only a slight difference between near-zone and EU. 
For the ratio 136Cs:137Cs (in Table 3-4), there were no measurements in the near zone. 
Ratios were parametric for the Japan area outside the near-zone and EU and only 
nonparametric for Pacific Ocean and US Ratios of 136Cs:137Cs were consistent at all 
distance from the NPSs. The mean 132Te:137Cs ratio in Japan outside the near zone, Pacific 
Ocean and US were normally distributed and relatively consistent with distance, but the 
mean in Europe was non-normally distributed and slightly higher. However, using the 
Mann-Whitney test for low sample numbers and non-normal distribution of the ratios 
between Pacific Ocean and US and Europe, it is found that there was no significant 
difference (UA: 87 > the critical values: 52 at 5% for level of significance for N = 10 and 
19) 
In contrast, 131I:137Cs ratios in air are significantly more variable, and all means of this 
ratio at all distances from Fukushima are non-normally distributed. The average ratios are 
much higher than other nuclides. The ratio in the near-zone was significantly lower than 
at longer distances, though these data must be interpreted with caution since significant 
air monitoring in the Fukushima area only began 4-5 days after passage of the initial 
contamination plumes.  Thus much of the local (< 80 km) 131I/137Cs air monitoring data 
are not shown in Figure 3-6 (b).  The ratios in Japan outside the near-zone, Pacific Ocean 
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and US, and Europe were not significantly different from each other. As shown in Table 
3-3, the mean 131I:137Cs ratio in Europe was higher than in the Pacific Ocean, but, like the 
132Te:137Cs ratio, not significantly different between the two areas (Mann-Whitney U-test 
UA: 168 > the critical values: 150 at 5% for level).   
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Table 3-4 Method and result for testing the significance of differences of 131I, 132Te and 134,136Cs/137Cs in air between groups at different distances 
from the NPSs. 
Site Nomality 
p-value
for 
normality 
test 
 
Test methoda / p-value or 𝑼𝑨
∆  comparing with the critical values / result of difference+ 
 
 
Near-zone Outside near-zone Pacific Ocean and US EU 
131I/ 137Cs       
Near-zone  normal 0.000 - MW / 83>23 / no MW / 365>150 / no MW / 435>158 / no 
In Japan outside near-zone n-normal 0.033 - - MW / 48>22 / no MW / 30>23 / no 
Pacific Ocean and US  n-normal 0.000 - - - MW / 168>150 / no 
EU  n-normal 0.000 - - - - 
       
132Te/ 137Cs   -    
Near-zone  - - - - - - 
In Japan outside near-zone normal 0.982 - - T / 0.920 / no MW / 38>13 / no 
Pacific Ocean and US  normal 0.167 - - - MW / 87>52 / no 
EU  n-normal 0.000 - - - - 
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Table 3-4 (continued) Method and results for testing the significance of differences of 131I, 132Te and 134,136Cs/137Cs in air between groups from 
different distances from the NPSs. 
Site 
Normality
 
p-value
for 
normalit
y test 
 
Test methoda / p-value or 𝑼𝑨
∆  comparing with the critical values / result of difference+ 
 
 
Near-zone Outside near-zone 
Pacific Ocean and 
US 
EU 
134Cs/137Cs       
Near-zone  normal 0.148 - T / 0.699 / no MW / 258>10 / no T / 0.006 / yes 
In Japan outside near-zone normal 0.556 - - MW / 68>20 / no T / 0.128 / no 
Pacific Ocean and US  n-normal 0.000 - - - MW / 178>141 / no 
EU  normal 0.180 - - - - 
136Cs/ 137Cs       
Near-zone -  - - - - 
In Japan outside near-zone normal 0.348 - - MW / 6.5>6 / no  T / 8.41 / no 
Pacific Ocean and US n-normal 0.008 - - - MW / 38.5>23 / no 
EU  normal 0.819 - - - - 
Note that:  *For normality: “normal” is parametric distribution and “n-normal” is nonparametric distribution. 
 For Shapiro-Wilk test, ratio is normal distribution if p-value > 0.05 (Razali & Wah, 2011; Shapiro & Wilk, 1965). 
aMethod: T is t-test and MW is Mann-Whitney test. 
For t- test, p-value is lower than 0.05 means there is significantly difference between two group (Hinton, et al., 2014). 
For Mann-Whitney test, UA is lower than the critical values (at 5% for level of significance) means there is significantly difference between two 
group (Billiet, 2013; Hole, 2013). 
+Result from t-test or Mann-Whitney test: “yes” is for significantly different and “no” is for no difference between two groups. 
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3.3.2 Particulate and gaseous 131I in air 
Measurement of both gaseous and particulate phases of 131I in Japan  in the early stages 
of the accident (15/16 March) was only available at one site: JAEA (2012) at Tokai-mura, 
Ibaraki prefecture (115 km in South direction). Measurements from other sites worldwide 
began later, but due to longer travel times, captured the peak air concentrations from the 
early stages of the accident. Figure 3-7 shows the available mean 131I:137Cs ratios of both 
gaseous and particulate phase 131I as a function of distance.   
 
Figure 3-7 Ratios of particulate and gaseous 131I to particulate 137Cs with distance from 
Fukushima I NPSs. At two sites 120 and 160 km to the south of the accident site, lower 
131I:137Cs ratios were observed in both phases on 15 March and 21 March 2011. 
Data from the JAEA site measured on 15 March and 21 March (significant peak release 
periods) suggests lower 131I:137Cs ratios in both particulate and gaseous phases at this 
time, as shown in Figure 3-7. The ratio of particulate 131I:particulate 137Cs were 6.10 and 
5.98 for 15 and 21 March, and 5.18 and 5.16 for gaseous 131I:particulate 137Cs. These 
values were similar to the reconstruction of ratios of these isotopes in the reactor cores of 
Units 1-3 which were 6.65, 9.15 and 9.63 (mean = 8.48) respectively (K. Nishihara, et al., 
2012) as shown in Table 3-2. 
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The relatively low 131I:137Cs isotope ratios observed in the areas of high fallout and in the 
15 and 21 March air monitoring data in Japan are not observed in the measurements in 
other countries. The 131I:137Cs ratios in both phases at longer distances were much higher, 
even in the peak corresponding to the early (12-15 March) releases from Fukushima. 
Mean values were 73.1 (N = 48 range 12-290) for 131I:137Cs particulate, 269 (N = 13 range 
78-853) for the ratio of gaseous 131I to particulate 137Cs, and 253 .12 for gross 131I to 
particulate 137Cs (N = 12 range 50.91-597.15) (particulate 131I to particulate 137Cs ratios 
are shown in Table B-2 and B-3, and gaseous 131I to particulate 137Cs and gross 131I to 
particulate 137Cs are shown in Table B-3). 
There is no evidence of a significant change in 131I:137Cs ratio with distance in either 
particulate, gaseous or total phases. This appears to be in contrast to observations 
following the Chernobyl accident (Mück, et al., 2002) which showed generally 
decreasing of ratio of gross 131I to particulate 137Cs with distance due to greater dry 
deposition of gaseous. After Fukushima, the mean of gross 131I to particulate 137Cs in the 
Pacific Ocean was 190.77 (N = 20 range 50.92-428.16) and distribution was 
nonparametric (p=0.16) and mean in the EU was 414.45 (N = 3 range 220.93-597.15) and 
it was normally distributed (p=0.905)> There was no significant different at distances 
between 12,000-20,000 km using Mann-Whitney test (UA = 12 > critical value = 2). So 
the data appear to show contrasting behaviour of radioiodine transport between the 
Fukushima and Chernobyl accidents. It is possible that this is due to different fallout 
behaviour, though it should also be noted that the observation of decreasing I:Cs ratio 
after Chernobyl was based on relatively few data and, in the Chernobyl near-zone, 
radiocaesium deposition rates may have exceeded 131I due to fallout of larger airborne 
particulates including fuel particles (J. T. Smith & Beresford, 2005a).  
Mean fractions of gaseous phase 131I were relatively constant with distance (Table B-3 
and Figure 3-7), with mean gaseous fraction 80.4% (S.E. = 1.3 % and range 49.2-93.4%). 
The consistency of gaseous fractions of 131I over long distances implies relatively little 
transfer from gaseous to particulate form. As discussed by Masson et al. (2011), “131I 
[from Fukushima] remains mainly in its gaseous form during transport. Thus, the transfer 
from gaseous to particulate form, if it exists, was not sufficient within the two-week 
interval to counterbalance the decrease of particulate 131I due to its deposition, mainly by 
rain”. 
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3.3.3 Corrected ratios in soil  
In a similar way to atmospheric monitoring, MEXT established continuous monitoring of 
soil and external gamma dose at six sites in the near zone on 18 March. This was then 
unsystematically extended to a further 50 sites around the near-field zone of Fukushima 
I NPSs. MEXT also carried out a further survey in which one sample was collected from 
71 sites in this area (MEXT, 2011b, 2011c).  
Two further studies collected single soil samples for detailed analysis including activity-
depth profiles (surface deposition) from each site. Endo and co-workers (2012) measured 
15 soil samples on 15 March when deposited concentration reached a peak. In another 
study, Imanaka et al. (2012) collected 5 samples in the most contaminated area to the 
northwest between 38 and 46 km on 31 March 2011, 16 days after highest deposition 
point. All details of the soil measurements are s shown in Table B-4 in Appendix B.  
The measurements of radionuclides in soil were analysed by investigating relationships 
between decay corrected isotope ratios and distance and direction from Fukushima. As 
shown in Table 3-4, Figure 3-8 and 3-11, ratios of the same element 134Cs: 137Cs was 
constant with distance. The distribution of this ratio within the near-zone (Figure 3.11) 
and the constant trend with direction (Figure 3.13) demonstrate that, as with atmospheric 
data, the 134Cs: 137Cs ratio deposited in soil did not vary significantly with distance or 
direction. From Table 3-3, average of ratio was 0.90 with 0.01 for S.E. from 146 sites and 
1,866 samples. Since N>30, normality can be tested by Shapiro-Wilk or Kolmogorov-
Smirnov method and both tests show an insignificant probability of normality (p=0.00 for 
both). For 136Cs: 137Cs, there was a lack of measured data in the north, southwest and south 
as shown by the few data in these directions in Figure 3-12. However, the ratio tended to 
be consistent with distance as shown in all directions from the NPSs in Figure 3-13. As 
with the atmospheric data and in the previous study of Chernobyl (Mück, et al., 2002), it 
can be concluded that 136Cs: 137Cs was consistent with distance and direction. The mean 
of 136Cs: 137Cs (Table 3-4) was 0.23 and 0.01 for S.E. from 88 sites and 297 samples 
around the near-zone of NPSs. From Shapiro-Wilk and Kolmogorov-Smirnov test, mean 
of these measured data is also not normally distributed: p=0.00 for both tests.  
Measured data of 132Te in soil was available for 18 sites in the high contamination area to 
the northwest and to the west, southwest and west of Fukushima (Figure 3-10). In contrast 
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to the measurements of radiocaesium and radioiodine, there was only one sample 
measured for 132Te at each site. From Figure 3-8 and 3-13, however, it is shown that the 
mean corrected ratio 132Te:137Cs was also remarkably constant in all directions and 
distances. The average ratio of 132Te:137Cs was 18.3 and S.E. of 1.7, calculated from 20 
samples of 20 sites, the normality test can be determined by only Shapiro-Wilk test 
(N<30) which shows nonparametric distribution for these data (p=0.006).  
As with the atmospheric data, the 131I: 137Cs ratio in soils was much more variable with 
distance and direction than the primarily particle-bound radionuclides. With regard to 
direction, it clear that the ratio in the south was much higher than in other directions 
(Figure 3-8): the mean ratio in the south being 74.72±20.85 a factor of four higher than 
in other directions ((Table 3-5). There was no significant correlation of 131I: 137Cs ratio 
with distance in the 20-80 km range (Figure 3-8). It is noted that the ratios 131I:137Cs in 
soil in the near zone are expected to be more reliable than the air measurements since the 
latter started sometime after the passage of the main plume, whilst the soil accumulates 
the deposited radionuclides.  
Table 3-5 The corrected ratio of 131I to 137Cs in the near-zone of Fukushima I NPSs. 
Direction Mean ± S.E. Max. Min. 
No. of 
samples 
No. of sites 
    N 22.97  7.02 46.17 9.72      240      12 
    NW 17.00  3.11 119.03 3.76      818      89 
    W 19.05  3.55 39.12 4.85      413      22 
    SW 15.25  3.74 30.25 11.01      177      10 
    S 74.72  20.85 142.39 9.80      196      12 
 79 
1.0E-01
1.0E+00
1.0E+01
1.0E+02
1.0E+03
0 20 40 60 80
C
o
rr
e
ct
e
d
 r
at
io
North
1.0E-01
1.0E+00
1.0E+01
1.0E+02
1.0E+03
0 20 40 60 80
Northwest
1.0E-01
1.0E+00
1.0E+01
1.0E+02
1.0E+03
0 20 40 60 80
West I-131
Te-132
Cs-134
Cs-136
1.0E-01
1.0E+00
1.0E+01
1.0E+02
1.0E+03
0 20 40 60 80
C
o
rr
e
ct
e
d
 r
at
io
Distance (km)
Southwest
1.0E-01
1.0E+00
1.0E+01
1.0E+02
1.0E+03
0 20 40 60 80
Distance (km)
South
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-8 The corrected ratios of 131I, 132Te, 134,136Cs to 137Cs in soil at near-field zone in each direction of Fukushima I NPSs 
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Figure 3-9 Illustration of the distribution map of corrected ratios of 131I to 137Cs in soil at near-field zone of Fukushima I NPSs 
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Figure 3-10 Illustration of the distribution map of corrected ratios of 132Te to 137Cs in soil at near-field zone of Fukushima I NPSs 
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Figure 3-11 Illustration of the distribution map of corrected ratios of 134Cs to 137Cs in soil at near-field zone of Fukushima I NPSs 
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Figure 3-12 Illustration of the distribution map of corrected ratios of 136Cs to 137Cs in soil at near-field zone of Fukushima I NPSs. 
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Figure 3-13 Illustration of the Corrected 131I, 132Te, 134,136Cs:137Cs in soil at near-zone of 
Fukushima I NPSs 
Figure 3-19 illustrates the relationships between the corrected ratios of all nuclides in all 
directions with distance. There were apparently constant ratios of 132Te, and 
134,136Cs:137Cs. Only 131I:137C varied with distance. 3.3.5 Deposited 131I/137Cs in the highly 
contaminated area 
As shown in Table 3-3, 131I/137Cs isotope ratios in soil deposits in the area within 80 km 
of Fukushima I NPSs (mean=22.1) were low compared to those ratios in air particulates 
worldwide (range 70-80), and Table 3-5 shows variation in direction. Since high fall out 
occurred in the Northwest area in the near-zone of Fukushima I NPSs, the measurements 
in soil in this key region were carried out specially. Figure 3-14 shows a highly significant 
inverse correlation between the 131I:137Cs ratio and the 137Cs activity concentration 
(Spearman’s correlation coefficient -0.54; N=89; p<0.001).  
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Figure 3-14 Scatter plot of ratio of 131I to 137Cs against activity of 137Cs in soil around 
Fukushima I NPS. In areas of very high radiocaesium fallout, the ratio 131I:137Cs is much 
lower than in areas of lower radiocaesium fallout. 
The best fit equation (using the Akaike Information Criterion (Bergman, Ider, Bowden, 
& Cobelli, 1979)) to these data was of the form 
 131I:137Cs = a (C137Cs)
b + c  3-1 
Where 131I:137Cs is the ratio of 131I to 137Cs, C137Cs is the mean activity concentration of 
137Cs (Bq/kg) in soil, and a, b and c are fitting constants from the Akaike Information 
Criterion. As shown in Figure 3-14 in comparison with a standard power law fit (i.e. 
excluding the intercept c). Parameter values for the fitted equations are shown in Figure 
3-14. [Model fits were carried out on log-transformed data of the concentration of each 
isotope in soil (C131I vs C137Cs) then back-transformed and expressed as a ratio 
131I:137Cs 
for presentation of results.] Note that Equation 3-1 is only applicable in the high fallout 
areas (> ca. 300 Bq kg-1 137Cs) to the north, northwest and west of Fukushima I NPS. For 
lower CCs137 fallout areas, a generic value of 76 could be used (the value of the ratio at 
300 Bq kg-1 of 137Cs). The value of 300 Bq kg-1 is the lower bound of available I131:137Cs 
measurements in soil. The choice of this lower bound value (131I:137Cs ratio = 76 at 300 
Bq kg-1 137Cs) is supported by the far field particulate air monitoring data in Japan, Europe 
and North America (ratio=70-80, Table 3-4).  
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3.3.4 Variation in 131I/137Cs ratio 
 From Figure 3-7, it can be seen that the corrected ratio of particulate 131I:137Cs at JAEA 
resulting from the northwest plume of 15 March was similar to that of the southern plume 
of 21 March (which had ratios of 6.10 and 5.98 respectively). However, from continuous 
monitoring in air at JAEA (JAEA, 2012) as shown in Figure 3-15, around a day after the 
highest peak in the southern plume, the ambient concentration of 137Cs (green line) 
decreased from 1.56 to 0.42  Bq/m3 between two measurement at 3:05 on 21 March and 
15:05 on 22 March. At the same time, the concentration of 131I (blue line) increased from 
3.26 to 28.7 Bq/m3 resulting in the corrected ratio (red dotted line) increasing dramatically 
from 4.99 to 169.37. These high ratios were seen for the next 2 days: the mean of 131I:137Cs 
during these 2 days was 147.80, then the ratio decreased continuously until 28 March, 
when it increased again for two days with mean of 124.05. This may be explained by the 
fact that a day after the highest peak of the southern plume, the temperature of the release 
increased dramatically for 2 days resulting in the release of a large amount of 131I from 
the reactor core of Unit 2 (see Section 1.2). This phenomenon also occurred for the NW 
plume but the change in corrected ratio was not so great as in the southern plume: the 
ratio from 15 March until 20 March to 46.8, then declined to around 4-8 just before 21 
March southern plume.  
Therefore, this changing reactor temperature when 131I was released from the Fukushima 
I NPSs apparently influenced the corrected ratio of 131I:137Cs significantly. This meant 
that a much higher amount of 131I compared with 137Cs in the southern plume was the 
likely cause of high deposition in the southern area of the near-zone. It should be noted 
that the 15th March NW plume, after passing the NW area of the near zone, changed 
direction to the south and reached the JAEA monitoring site. This phenomenon agrees 
with measurements of soil samples: Figure 3-16 shows corrected ratio of 131I:137Cs and 
measured concentration of 131I and 137Cs in soil at Umemoto, Taira Aza, Iwaki city located 
at 43 km to the south of Fukushima I NPS, in which the corrected ratio at around one day 
after second plume increased dramatically from 59.75 to 109.19 (on 22 March) then the 
trend of ratio after southern plume was higher than earlier by approximately one order of 
magnitude. 
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Figure 3-15 Comparison of the amount of radioactivity (Bq/m3) in air between 131I and 
137Cs with corrected ratio 131I:137Cs at JAEA, Tokai-mura, Ibaraki, Japan where the 
nearest site monitored ambient concentration continuously. 
 
 
Figure 3-16 Comparing the amount (Bq/m3) in soil between 131I and 137Cs with corrected 
ratio 131I:137Cs at Umemoto, Taira Aza, Iwaki city (code 2-6) located at 43 km in the South 
area of Fukushima I NPS. 
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In terms of concentration in soil, Figure 3-16 shows that the deposited contamination at 
this site was dominated by radionuclides from the second plume as the concentrations of 
both nuclides after the second plume passed this site were higher than the influence from 
the first plume. 
 
The evidence for different releases of 131I can be determined by comparing the change 
with time of the corrected isotope ratios. Figure 3-17 shows changes with time of key 
radionuclides from six sites which are located at different distances from the NPSs (both 
nuclides in these site were particulate phase). For the nearest site at JAEA and the 
monitoring station at Takasaki, Gunma, Japan (219 km in southwest direction (Stoehlker, 
et al., 2011)), the 131I:137Cs ratio in air increased rapidly around one day after the release 
of second plume, and the highest ratios at both of these sites were higher than earlier by 
two orders of magnitude. After that, the ratio at JAEA varied between 2.26 and 351.95 
(mean=49.77 N=43) compared to the range 4.20-46.83 (mean=13.10 N=28) for the initial 
period before the second plume: ranges were 3.13-28.08 (mean=11.97 N=9) and 2.95-
62.52 (mean=17.99 N=41) for before and after the passage of the second plume. [Note 
that the change of 131I:137Cs with time at JAEA was more clear than at other sites since 
the frequency of collecting samples was 10 minutes in the initial phase while accumulated  
radionuclides in one day were collected for long-term phase and routine sampling at the 
other station] The trend of higher ratio after the second plume still occurred in the Pacific 
Ocean and the US, station in Oahu, Hawaii, US (6,055 km (Biegalski, et al., 2011)): the 
mean was 22.62 with range 9.67-44.75 (N=12) before the second plume then the ratio 
increased to mean=161.82 with range 31.41-405.77 (N=27). This trend likely disappeared 
when passage of both plumes reached to European countries. However, it clear that the 
ratio of 131I to 137Cs had varied with time while other key radionuclides were constant 
with time at all different distances from the NPSs in particular other radiocaesium 
isotopes. The ratio 132Te:137Cs only had slight variation because the type and size of 132Te 
is similar to 137Cs (Jonas, 1984; Slade, 1968). 
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Figure 3-17 Change with time in corrected ratios to 137Cs of 131I, 134, 136Cs and 132Te at different distances from Fukushima I NPSs. 
 90 
Even though sites in Japan and the Pacific Ocean observed major changes with time of 
131I/137Cs in air, the corrected ratio observed in soil did not change with time significantly 
in the area from North to West where the contamination were influenced by the first 
plume, as shown in Figure 3-18. There were slight differences in mean values of the ratio 
between before and after the second plume. For example, at Takami town (north), the 
mean before the second plume was 19.8 with range 15.7-22.7 while the mean after the 
second plume was 31.0 with range 10.3-86.5 and mean of whole period which was used 
to determine correlation between 131I/137Cs and 137Cs concentration in soil (Equation 3-1) 
was 30.3 range 10.3-86.5. As can be seen from Figure 3-18, the mean before the second 
plume was similar to the minimum ratio of mean after second plume in all three sites. 
Since all data were used for estimating the 131I/137Cs ratio in the dose assessment model 
(Chapter 4), this increase in ratio over time may result in a slight over-estimate of dose in 
the early stages, giving a conservative estimate of dose.   
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Figure 3-18 Change with time corrected ratios to 137Cs of 131I, 134, 136Cs and 132Te at 
different distances from Fukushima I NPSs. 
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3.4 Summary and conclusions 
134Cs/137Cs  
Ratios of the radiocaesium isotopes (134Cs:137Cs; 136Cs:137Cs) show low variability and 
are relatively constant with distance, as observed after the Chernobyl accident (Mück, et 
al., 2002) and are consistent with the map of ratios in soil around Fukushima I NPSs as 
evaluated by Kinoshita and co-workers (2011). However, 134Cs:137Cs in air within near-
zone (<80 km) of Fukushima I NPS was slightly higher than in the longer distance area 
in the EU. The reason may be that the 134Cs:137Cs ratio may vary according to the source 
of contamination depending on fuel age in a given reactor (Kirchner, Bossew, & De Cort, 
2012). A shift of this isotope ratio had been noted in Europe and attributed to the small 
fraction of 137Cs released during the Chernobyl accident or nuclear weapons test fallout 
still present in the atmosphere (Kirchner, et al., 2012). 134Cs:137Cs in air was constant with 
distance at ranges from 20 – 20,000 km, mean ratios were 1.03 in the near-zone and 
between 0.87 and 0.91 for longer distances, similar to the ratio in soil of 0.90 in the near-
zone and the mean ratio of 1.02 from calculation of the total inventories of Unit 1-3’s 
reactor core (Kenji Nishihara, et al., 2012). This observation can confirm that the major 
release of 134Cs was from the reactor cores because the environmental ratio was similar 
to calculated ratio in the Unit 1-3’reactor cores (note that the calculated ratio of the Unit 
1-3 reactor core = 1.02 while ratio of the Unit 1-4 spent fuel pool = 0.65; total amount of 
134Cs in all spent fuel > in all reactor cores). The 134Cs:137Cs ratios from Fukushima were 
higher than Chernobyl which were 0.55-0.59 for ambient ratio, 0.54-0.57 for the 
deposited ratio, and 0.53-0.65 for the calculated ratio in reactor core. 
136Cs/137Cs  
Similarly to 134Cs:137Cs, 136Cs:137Cs of Fukushima was constant with distance at about 0.2 
in both air and soil which was similar to the calculated ratio from reactor cores of Unit 1-
3: 0.3 and Chernobyl ratios which were 0.15-0.27, 0.22-0.27, and 0.27-0.42 for ambient 
ratio, deposited ratio, and the calculated ratio of the reactor inventory respectively. As 
expected, the corrected ratios to 137Cs 134,136Cs in air and soil samples were similar to 
calculated ratios in inventory cores as observed in Chernobyl  (Mück, et al., 2000). 
132Te/137Cs 
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Another constant ratio was 132Te:137Cs, the deposited ratio in the near-zone was 18.3, and 
ambient ratio around the world was 17.13-22.01, and mean of calculated ratio in the three 
cores was 12.25 that can be compared with the mean ratio of 16-17 in both air and soil 
for Chernobyl (even in the near-zone of Chernobyl where there were remarkably different 
temperatures of three plumes. 
This analysis of worldwide isotope ratios has provided strong evidence that the 
radiocaesium and tellurium isotopes were transported and deposited in the same way and 
that ratios of these isotopes in air and soil were similar to those in the reactors at the time 
of the accident as132Te and 137Cs were both high volatile nuclides and sizes were similar 
which is appropriate to attach to each other when released from the reactor core by 
evaporation, then the reducing of temperature condense to particulate form, and the 
aerosol are blown by wind or deposited to the ground  (Jonas, 1984; Slade, 1968). 
131I/137Cs 
In contrast, the corrected ratio of particulate 131I:137Cs was not constant with direction and 
distance. Since the start of measurements of 131I was 9 days after the earthquake it is not 
sensible to evaluate 131I:137Cs in air at near-zone of Fukushima I NPSs, so 131I:137Cs air 
ratios from this area might not accurate for comparing with larger distance. However, 
there was no significant difference in relation to distance in the range 80 – 20,000 km. 
Moreover, there was no particulate 131I:137Cs in air from Chernobyl for comparison, 
however, Mück (2000) concluded that deposited velocity of particulate 131I was similar 
to particulate 137Cs resulting in particulate 131I:137Cs being constant with distance.  
For the fraction of gaseous phase 131I in air, the mean from all distances was 80.4% (S.E. 
= 1.3 %) and range 49.2-93.4% which is similar to the range = 60-80% from 
observations after the Chernobyl accident (Cambray, et al., 1987; Clark & Smith, 1988; 
Mück, et al., 2000; Spezzano & Giacomelli, 1991). However, this fraction depended on 
the episode of deposition of the plume passage after each accident since deposition of 
gaseous iodine is remarkably higher than particulate by a factor of six in dry conditions 
combining with significantly higher amounts in gaseous form  (Mück, et al., 2000; F. B. 
Smith & Clark, 1989).  The ratio of gross 131I to particulate 137Cs between after Fukushima 
varied with distance but there was no significant difference observed at large distances 
between Pacific Ocean and US, and EU (12,000-20,000 km) while Chernobyl showed a 
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decrease at distance from the NPP to 1,200 km due to dry  deposition, then the ratio 
increased until 1,400 km (Mück, et al., 2000) when wet deposition likely took  place. 
In the near-zone, the ratio of 131I to 137Cs in soil in the southern area was significantly 
higher than in other directions (north to southwest in which ratios were generally similar 
but also with high variability), and this phenomenon also occurred in the near-zone of 
Chernobyl which had three release plumes and the highest temperature southern plume 
showing much higher 131I:137Cs ratios in soil (Mück, et al., 2000). This might be explained 
by the observation made above that the highest temperature occurred in the southern 
plume (second plume) resulting in the deposited 131I:137Cs being significantly higher than 
in the earlier NW plume. 
For the key area of high gamma dose in NW direction in the near-zone, the corrected ratio 
of 131I:137Cs in soil has an inverse correlation with the 137Cs activity concentration in soil 
as shown in Equation 3-1. This correlation is useful for predicting contaminated iodine in 
soil where no measurements were performed.  
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Chapter 4 Early-phase external dose reconstruction at near-zone  
 
4.1 Introduction 
On 17 March 2011, 6 days after the Fukushima accident or 2 days after the period of 
maximum radionuclide deposition (Kinoshita, et al., 2011), MEXT established (MEXT, 
2011c) daily measurement of gamma dose rate at nine sites in the near-zone (20-80 km 
area) around the Fukushima I NPSs. The sampling was subsequently expanded at the end 
of May to cover 80 km in all directions from the NPSs, including 40 sites for daily 
monitoring 40 sites for less regular measurement, and more than 54 sites for single 
measurements. The first report of unusually high gamma dose rate was detected at 
Tomioka-town, Motooka Shin-yonomori approximately 7 km to the southwest of NPSs 
(in the 20 km exclusion zone) on 12 March at 08:25, the value of dose rate being 0.18 
µSv/h compared to background before the accident of around 0.03-0.06 µSv/h (NISA, 
2011c). Following the high deposition period on 15th March (see Section 2.3), the external 
dose rates declined rapidly due to decay of short-lived radionuclides (Hosoda et al., 2011), 
therefore the evaluation of radiation effects on humans requires dose reconstruction in the 
weeks after radionuclide deposition. 
Radionuclides deposited in soils produce an external gamma dose rate in air which 
depends on the gamma decay energy, the distribution in the soil and soil characteristics 
(Peter Jacob, et al., 1994; Kocher & Sjoreen, 1985). Jacob and co-workers (1994) 
modelled the kerma rate in the air as function of the 137Cs depth profile and the following 
site characteristics: soil type, annual precipitation, distance from Chernobyl, and mode of 
deposition (dry or wet). The kerma rate in air can be converted to an exposure dose rate 
to humans and biota. In a similar way, Kocher and Sjoreen (1985) modelled the external 
exposure produced by emitted photons from the soil (see detail of both model in 2.4). The 
external gamma dose can be estimated from radioactive concentration and dose-rate 
conversion factors which were dependent on the energy of gamma emitters and depth 
profiles of discrete energies in soil. However, early-phase radionuclide depth profiles are 
not in general available for the Fukushima fallout, so this study will investigate the extent 
to which available dose rate data and isotope ratios can be used for external dose rate 
reconstruction. 
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4.2 Methodology 
Available data for model calibration and testing 
In the main monitoring in soil samples around the Fukushima I NPSs conducting by 
MEXT, the measurements available were the analysis of radioactivity concentration only 
without the deposited radioactivity density. The deposited radioactivity density (Bq m-2) 
is the main parameter for modelling the external gamma dose, as used in the models of 
Kocher and Sjoreen (1985), Jacob and co-workers (1994), and GRANIS (Khalid & Mann, 
2007). Since the depth profiles of each radioisotope or the density of soil samples, as used 
to evaluate the deposited radioactivity density, were not carried out by MEXT following 
the Fukushima accident, a simple model using radioactivity concentration parameters will 
be tested for estimating the dose to humans. 
This simple model uses the measured ratios of nuclides which potentially influence the 
gamma dose, together with an empirical parameter to determine the early-phase gamma 
dose rate to human from contamination in soil at near-zone area (< 80 km). This empirical 
parameter can be determined by comparing the measured data between the deposited 
activity concentration and gamma dose rate in early-phase: such data was  available at 6 
sites (MEXT, 2011a) around the Fukushima I NPSs: hereinafter these sites are referred 
to as the “calibration sites”. Furthermore, the “early-phase” is here defined as within the 
first 30 days following the accident before external dose was dominated by relatively 
long-lived 134,137Cs.  All of the 6 calibration sites were in the most contaminated area 
(Kinoshita, et al., 2011; MEXT, 2011d).  
To evaluate the model by “blind testing”, there were early-phase external gamma dose 
measurements at 15 sites (MEXT, 2011a) in the near-zone, with a few measurements of 
gamma dose available at  each site. There were single measurements at 2 sites and the 
others ranged from 2 measurements at 3 sites to 48 measurements at one site. Fourteen 
sites were in the north to west area (the highly contaminated area) while only one site was 
in the lower contamination area to the south of the power plants. Therefore, we can test 
the model in both contaminated area, though the data is much better for the northwest. 
Detail of the position and start date of monitoring for the calibration sites and blind testing 
sites are shown in Figure 4-1. In addition, MEXT (2011a) also collected single soil 
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samples from 48 sites in the near zone where  this model can be applied to estimate the 
early-phase external gamma dose. 
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Figure 4-1 The map generated by ESRI’s ArcGIS explorer (ESRI, http://www.esri.com/Software/arcgis/explorer) illustrates the positions of 6 sites 
for model calibration (red circles) and 15 sites for model blind testing (blue squares); the table shows details of these sites. 
 
Code Direction 
Distance 
(km) 
Start time of measurement 
Gamma dose rate Soil 
  79 NW 29 20/03/2011  13:55 14/04/2011  11:24 
  83 NW 24 24/03/2011  09:46 30/03/2011  15:40 
  3-6 NW 32 23/03/2011  14:00 23/03/2011  14:00 
 3-12 NW 30 17/03/2011  13:10 25/03/2011  14:13 
 3-13 NW 31 25/03/2011  14:30 25/03/2011  14:30 
 3-14 NW 40 20/03/2011  11:20 25/03/2011  15:35 
  3-1*  NW 29 23/03/2011  11:10 23/03/2011  11:10 
  3-9 * N 42 25/03/2011  11:24 25/03/2011  11:24 
  3-11*  N 32 25/03/2011  12:33 25/03/2011  12:33 
  3-4* NW 43 23/03/2011  11:08 23/03/2011  11:08 
  3-5* NW 47 23/03/2011  10:30 23/03/2011  10:30 
  3-16* N 45 28/03/2011  16:18 28/03/2011  16:18 
  1 NW 62 14/04/2011  18:08 14/04/2011  18:08 
  2 NW 56 31/03/2011  10:20 31/03/2011  10:20 
  1-1 NW 46 31/03/2011  11:19 31/03/2011  11:19 
  1-2 NW 40 03/04/2011  09:52 03/04/2011  09:52  
  2-4  N 24 03/04/2011  11:57 03/04/2011  11:57 
  3-10*  N 32 25/03/2011  12:18 25/03/2011  12:18 
  3-2* NW 30 23/03/2011  13:17 23/03/2011  13:17 
  3-3* NW 32 23/03/2011  12:50 23/03/2011  12:50 
  3-7* S 23 23/03/2011  13:00 23/03/2011  13:00 
Note that: the names of the deposition monitoring sites were show in Table C-2, Appendix C. 
*Site 3-1, 3-9, 3-11, 3-10, 3-2, 3-3, and 3-7 had only 2-3 samples in first few days after earthquake and 3-4, 3-5 and 3-16 had only single sample resulting the measured data from 
these sites were not inefficient for calibration.  
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4.2.1 Model equation 
In the initial period, before significant penetration of radionuclides into the soil (Kato, 
Onda, & Teramage, 2012), the external gamma dose rate is determined primarily by the 
level of radioisotope deposition and their decay energies. We therefore estimate the 
external gamma dose rate, D (µSv h-1), at 1 m above the soil surface by: 
  𝐷 = 𝐴𝐶137𝐶𝑠 ∑ 𝐸𝑖𝑅𝑖𝑒
−𝜆𝑖𝑡 4-1 
Where C137Cs is the mean activity concentration of 
137Cs (Bq/kg) in soil, iE is total gamma 
decay energy of each nuclide (MeV) (see Table 3.3), Ri is the ratio of deposition of each 
nuclide to Cs-137, i is the decay constant of each nuclide (d-1), and t is time after the 
earthquake. A [µSv hr-1 MeV-1 per 1 Bq/kg of 137Cs] is an empirically-determined constant 
to convert gamma decay energy to gamma dose. The value of A can be evaluated by using 
D and Ri from the measurement data at 6 calibration sites at time t , and Ei and 𝑒−𝜆𝑖𝑡can 
be calculated  using Table 4.1. The measured D and Ri values were available from 5-10 
days after high deposition on 15 March when short half-lived nuclides such as 131I and 
132Te/132I (8.02 and 3.20 days respectively) still influenced the external gamma dose and 
their radioactivity concentrations in soil were be able to be observed. 
4.2.2 Key radionuclides 
As discussed in section 3.4.3, the key radionuclides dominating the external gamma dose 
rate consisted of 131I, 132Te/132I, 134Cs, 136Cs and 137Cs because of the high emitted gamma 
energy for 132I from 132Te/132I, 134Cs and 136Cs, and the high deposition in soil for 131I, 132I 
from 132Te/132I, 132Te, 134Cs and 137Cs (134Cs and 132I from 132Te/132I have both high gamma 
emission and concentration in soil).  
The influence of key radionuclides on the early-phase external gamma dose can be 
determined in term of the value of 𝐸𝑖𝑅𝑖𝑒
−𝜆𝑖𝑡 in Equation 4-1; this is evaluated for the 
different radionuclidesin Table 4-1.  
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Table 4-1 Comparison of the parameters of each radionuclide and the calculation of their 
effect on external gamma dose in terms of 𝐸𝑖𝑅𝑖𝑒
−𝜆𝑖𝑡in Equation 4-1 
Nuclides Half-life 
Factor for model 
𝑬𝒊
 
(MeV) 
𝑹𝒊 
𝑬𝒊𝑹𝒊𝒆
−𝝀𝒊𝒕  
(t=3.9 d) 
131I 8.02 d 0.3828 >10.22 >2.79 
132Te 3.20 d 0.2344 18.30 1.84 
132I (from 132Te/132I) 3.20 d* 2.2645 18.30 17.8 
132I (fission product) 2.295 h 2.2645 N/A N/A 
134Cs 2.07 y 1.5551 0.90 1.39 
136Cs 13.16 d 2.1283 0.22 3.81×10-1 
137Cs 30.17 y 0.5963Δ 1.00 5.96×10-1 
129mTe 33.60 d 0.0376 0.03 1.04×10-3 
129Te (from 129mTe/129Te) 33.60 d* 0.0625 0.03 1.73×10-3 
129Te (fission product) 69.6 m 0.0625 N/A N/A 
140Ba 12.75 d 0.1826 0.07 1.03×10-2 
140La (from 140Ba/140La) 12.75 d* 2.3084 0.07 1.31×10-1 
140La (fission product+ from 140Ba/140La) 1.68 d 2.3084 0.40ɵ 1.85×10-1 
  
Note that:  Emitted energy (MeV) of the released photon when parent nuclide decay to its 
daughter  
 Δ 94.4% of Cs-137 decays to Ba-137m and emitted gamma energy of Ba-137m is 
0.5963 MeV/nuclear transformation.  
 * Using half-life from their parent when they reach equilibrium. 
 Time of high deposition was on 15 March 2011. 
 Corrected ratio to 11 March 2011 14:46 from the average of a single sample at 4 
sites in the northwest direction of NPSs (Imanaka, et al., 2012), collected samples 
on 31 March 2011 as shown in Table C-3, Appendix C. 
 Corrected ratio to 11 March 2011 14:46 from the average of a single sample at 13 
sites in northwest to south direction on (S. Endo, et al., 2012), collected samples 
on 15 March 2011 as shown in Table C-4, Appendix C. 
ɵ Corrected ratio to 11 March 2011 14:46 from the average of a single sample at 9 
sites in northwest to south direction (S. Endo, et al., 2012), collected samples on 
15 March 2011 as shown in Table C-4, Appendix C.  
N/A means not available because the activities of very short half-lived 
radionuclides had already disappeared on 15 March 2011. 
 
 101 
From Table 4-1, at the highest point of deposition (3.9 days after earthquake (Kinoshita, 
et al., 2011)), the value of 𝐸𝑖𝑅𝑖𝑒
−𝜆𝑖𝑡 was highest for 132I from 132Te/132I with a value of 
17.8   MeV resulting from the highest gamma emission energy: 𝐸𝑖 = 2.2645 MeV and a 
high decay-corrected ratio to long-lived 137Cs: 𝑅𝑖= 18.30.  
The isotopes 132Te/132I are in secular equilibrium, and therefore have a common 
radionuclide decay rate if the half-life of the parent nuclide is significantly greater than 
that of the daughter (Brezonik, 1993; Bushberg & Boone, 2011; Kendall & McDonnell, 
1999; L'Annunziata, 2012). At the beginning of decay, there is only an amount of parent’ 
radioactivity (𝐴0𝑝) while the daughter activity (𝐴0𝑑) = 0. At time t > 0, the radioactivity 
of the parent decays by its longer half-life (𝑡1/2𝑝) as follows 
𝐴𝑡𝑝 = 𝐴0𝑝𝑒
−𝜆𝑝𝑡 
Where 𝐴𝑡𝑝is radioactivity (Bq) of the parent nuclide at time t, and 𝜆𝑝 is the decay constant 
of parent: 𝜆𝑝 =  
1
𝑡1/2𝑝
. The activity of the daughter grows as the rate of parent decay which 
is relatively slower than the rate of daughter decay from its very short half-life (𝑡1/2𝑑) and 
activity of daughter at time t (from L'Annunziata (2012)) can be calculated by 
𝐴𝑡𝑑 =
𝜆𝑝𝐴0𝑝
𝜆𝑑
[1 − 𝑒−(𝜆𝑑𝑡)] 
where 𝜆𝑑  is the decay constant of the daughter. After about five to six half-lives of the 
daughter isotope (Bushberg & Boone, 2011), the activity of both nuclides are the same. 
132Te/132I reaches secular equilibrium in 12 h as shown in Figure E-1 (a) in Appendix E 
so that the corrected ratio of 132I:137Cs is equal to 132Te:137Cs).  
131I is also shown to be important in the early stages, the value being >2.79 due to its high 
corrected ratio to 137Cs: 𝑅𝑖= >10.22 (this ratio was discussed in Section 3.3.4). Initially, 
there was a much lower effect of 134,137Cs on external dose rate with a values of 1.39 and 
5.96×10-1 respectively, but over time these isotopes came to dominatedue to high amounts 
deposited. For example, mean 137Cs was 2.7×106 Bq/m2 in the northwest area (S. Endo, 
et al., 2012; Imanaka, et al., 2012; MEXT, 2011b, 2011c). In the case of 136Cs, even 
though it is a high energy gamma emitter (𝐸𝑖  = 2.1283 MeV) it apparently had only a 
slight effect on external dose rate with a low value of  𝐸𝑖𝑅𝑖𝑒
−𝜆𝑖𝑡 of only 3.81×10-1 resulting 
4-3 
4-2 
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from the low corrected ratio to 137Cs of 0.22. 136Cs only slightly influenced the external 
gamma dose compared with other key nuclides as the value of the term 𝐸𝑖𝑅𝑖𝑒
−𝜆𝑖𝑡 for 
136Cs is fifty times lower than the highest value for 132I from 132Te/132I. However, 136Cs 
also is considered in the model as the minimum effect radionuclide. 
The radionuclides, 132I (directly released from the reactor: ingrowth from 132Te was 
included), 129Te and 140La, were not included in the model. The levels of these 
radionuclides released directly from reactor cores can be ignored when evaluating the 
external gamma dose.  Since 132I and 129Te have very short half-life (2.30 h for 132I and 
69.60 m for 129Te), both nuclides had already disappeared before the high deposition 
period on 15 March. In the case of 140La, there was only one measurement collected on 
15 March, 4 days after reactors shutdown. The corrected ratio (𝑅𝑖= 0.07 (S. Endo, et al., 
2012)) from this measurement consists of 140La releasing directly from reactor cores and 
140La decay from 140Ba. From Equation 4-1 and 4.2, 140Ba/140La slowly reaches secular 
equilibrium in 5.5 days as shown in Figure E-1 (b). However, the value of 𝐸𝑖𝑅𝑖𝑒
−𝜆𝑖𝑡 of 
both forms of 140La still was a factor of 2 lower than 136Cs, and 140La (1.68 d) decays more 
rapidly than 136Cs and 134Cs (13.16 d and 2.07 y respectively). Therefore 140La does not 
significantly contribute to gamma dose rate. 129Te from decay of metastable 129mTe also 
rapidly reaches secular equilibrium in only 7.5 h (as shown in Figure E-1 (c) and also has 
a low value of 𝐸𝑖𝑅𝑖𝑒
−𝜆𝑖𝑡. 129mTe and 140Ba have low ratios to 137Cs (𝑅𝑖 = 0.03 and 0.07 
respectively) and low gamma emission energies (𝐸𝑖  = 0.0376 and 0.1826 respectively). In 
addition, Tagami (Tagami, et al., 2011) observed very low activity concentrations of other 
radioelements in soil including 95Nb, 110mAg and 140Ba, and 95Zr, 103,106Ru, and 140Ba 
which, though found in the Chernobyl accident as a result of fuel particle release, were 
not found in significant quantities following Fukushima. For the noble gases, most 
nuclides emit low gamma energies (0.0474 MeV for 133Xe, and 0.0206 for 131mXe. 0.0410 
for 133mXe, only short half-lived 135Xe (9.14 h) has a relatively low energy (0.2483 MeV) 
and do not significantly deposit to the ground surface. Therefore, these noble gases do 
not affect the gamma dose. Therefore, all of these nuclides did not contribute significantly 
to external gamma dose rate and can be ignored for evaluating gamma dose in this model. 
According to the main monitoring around Fukushima I NPSs (MEXT, 2011a, 2011b), 
this nuclide was not measured. However, there were a few measurements of deposited 
activity in t near-zone area conducted by Endo (2012) and Imanaka (2012) which showed 
corrected ratios of 132Te to 137Cs which were remarkably consistent in all directions and 
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distances, with mean 18.3 and S.E. 1.7 (further details were given in Section 3.3.4). From 
Table 4-1, the highest value of 𝐸𝑖𝑅𝑖𝑒
−𝜆𝑖𝑡  is 17.8 for 132I from the 132Te/132I decay, 
therefore the early-phase external gamma dose rate was dominated by this radionuclide.  
The significant advantage of this simple model, therefore, is that we can estimate the 
early-phase external gamma dose by using the mean ratio of a few key radionuclides when 
measured data was not available, particularly when dose was most influenced by the key 
nuclide: 132I (from 132Te/132I decay).. Figure 4-2 shows how much each nuclide 
contributes to the external gamma dose by the calculation of this model (a representation 
of the value of 𝐸𝑖𝑅𝑖𝑒
−𝜆𝑖𝑡  as a function of time after the earthquake). The greatest 
contribution to dose was from 132I (from 132Te/132I) until around 25 days after the 
earthquake while the secondary influence was from 131I until 40 days. In the early phase, 
the gamma dose also was influenced by 132Te for about 15 days. The contributions from 
these nuclides were longer than their half-life because their influence came from the 
combination of amount deposited and gamma energy released. This can explain why 132I 
dominates gamma dose longer than 132Te even though they have the same half-life and 
deposited activity: 132I from 132Te/132I has a much higher energy of gamma emission.  
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Figure 4-2 the contribution of external gamma dose from each key nuclide, and the region 
of the period influencing dose (dash line: pink for 132Te, red for 132I, blue for 131I and 
yellow for 136Cs), the calculation started at the time of highest deposition on 15 March 
2014. 
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After the early phase, the external gamma dose was dominated by radiocaesium, 
particularly 134Cs, followed by 137Cs and 136Cs respectively. From the calculations, 136Cs 
had a little effect until approximately 58-60 days after earthquake. After that, the gamma 
dose was dominated by long-lived nuclides: 134Cs and 137Cs. 
Table 4-2 Summary of the mean ratio values used in the predictive model, 131I:137Cs from 
3.3.5, and 132Te, 134,6Cs:137Cs from 3.3.4. 
Nuclide 
Decay 
constant (d-1) 
Emitted gamma 
energy (MeV/nt) 
Ratio to 137Cs 
131I 8.64E-02 0.3828 4.89 × 103× C137Cs -0.76 + 10.22 
132Te 2.16E-01 0.2344 18.30 
132I 2.16E-01 2.2645 18.30 
134Cs 9.20E-04 1.5551 0.90 
136Cs 5.27E-02 2.1283 0.22 
137Cs 6.29E-05 0.5963 1.00 
 
Table 4-2 shows a summary of the corrected ratio of each radionuclide to 137Cs (𝑅𝑖), as 
well as the emitted gamma energy (𝐸𝑖), and the decay constant (𝜆𝑖) of all key radionuclides 
which were used to determine the change in gamma dose rate with time. For 131I:137Cs, 
the corrected ratio is estimated by using Equation 3-1 in areas where there was high fallout 
(C137Cs is greater than 300 Bq kg
-1) while in areas of lower fallout (C137Cs < 300) a value 
of 131I:137Cs  = 76 is used. For 132I from 132Te/132I, this isotope is in secular equilibrium 
with 132Te hence 132I follows the 132Te decay curve and uses the same 𝑅𝑖 and 𝜆𝑖. 
Since the model is intended to be generic (not site-specific), it uses generic isotope ratios 
determined from mean data (see Section 3.2.1). Table 4-3 shows the differences of ratios 
between the observations at each of the six calibration sites and the generic ratios used in 
the model. No data of 132Te/137Cs (which was equal to the radionuclide which most 
influenced early-phase dose: 132I/137Cs) was available in these six calibration sites, 
however, it clear that (from Figure 3-8, Chapter 3) the deposited corrected ratio of 
132Te/137Cs was consistent in direction and distance allowing it to be assumed that the 
mean of this ratio can be used in the model. Similarly to 132Te/137Cs, 134,136Cs/137Cs were 
also remarkably consistent with direction and distance and we can see that the means 
were generally very similar to the measured data at all six calibration sites (except the site 
in Tsushima, Namie town for 134Cs/137Cs). For 131I:137Cs, the extrapolated value generally 
agrees with observations except at two sites in which the model underestimates this twice: 
this can be a cause for incorrect estimation of the external gamma dose rate in these two 
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sites (Tsushima, Namie town and Akougi, Namie town). Therefore, in terms of the 
corrected ratios, the estimation of 131I:137Cs will be the major cause for uncertainty of this 
model. 
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Table 4-3 The comparision of the corrected ratios between measurements at the six calibration sites and model generic isotope ratios. 
Code Direction 
Distance 
(km) 
Measured data  Extrapolated data 
131I 132Te 134Cs 136Cs  131I* 132Te 134Cs 136Cs 
79 NW 29 12.54 - 0.90 0.21  11.23 18.30 0.90 0.22 
83 NW 24 9.73 - 0.90 0.20  10.58 18.30 0.90 0.22 
3-6 NW 32 16.22 - 0.87 0.23  14.57 18.30 0.90 0.22 
3-12 NW 30 23.21 - 0.93 0.22  11.60 18.30 0.90 0.22 
3-13 NW 31 19.75 - 0.95 0.25  11.20 18.30 0.90 0.22 
3-14 NW 40 14.91 - 0.87 0.21  13.19 18.30 0.90 0.22 
Note that: The names of the deposition monitoring sites were show in Table E-1, Appendix E. 
*Note that the corrected ratio was estimated by using Equation 3-1. 
Note that these corrected ratios were from the mean measured data. 
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4.2.3 A parameter 
An empirically-determined constant, the “A” parameter, was used to convert the term of 
𝐶137𝐶𝑠 ∑ 𝐸𝑖𝑅𝑖𝑒
−𝜆𝑖𝑡 to external gamma dose (the units of this parameter are µSv hr-1 MeV-
1) per 1 Bq/kg of 137Cs. The value of the A parameter is dependent on gamma ray 
absorption in soil and air. The A parameter accounts for potentially different distributions 
of radionuclides with depth at different sites and represents to a large extent soil shielding. 
Note that the external gamma dose in the early phase was from the combination of 
radioactivity in air and soil. Further details of the potential interference of radionuclides 
in the dispersion cloud on external gamma dose is discussed in Section 4.2.4. 
Under conditions of high rainfall, radiocaesium can penetrate relatively deeply into the 
soil profile (Bunzl et al., 1997), however in most areas affected by Chernobyl (J. T. Smith 
& Beresford, 2005b), and at Fukushima (Kato, et al., 2012; Tanaka et al., 2012), the 
majority of radioactivity remained near the soil surface, limiting gamma-ray absorption 
within the soil. Over years to decades after fallout, gamma dose rates will decline due to 
radioactive decay and further slow penetration of radiocaesium into the soil profile 
(Bunzl, et al., 1997; J. T. Smith & Beresford, 2005b).   
Using mean deposited ratios of each radionuclide to 137Cs, Equation (4-1) was fitted to 
measurements of changes in external gamma dose rate with time at six sites at a distance 
24-40 km from Fukushima I NPSs. Model fits were carried out by using SAS software 
(PROC Nlin; SAS Institute Inc.) to determine the value of the one unknown parameter, 
A. The fitted value of the A parameter at each site was then correlated with total 137Cs 
activity concentration. From Figure 4-4, using only one site-specific input parameter or 
the activity concentration 137Cs and one fitting parameter of A in the model, the fits show 
good agreement with measured data. This confirms the accuracy of the derived mean 
isotope ratios. A slight tendency to under-predict dose rates in the period from 20 – 80 
days is likely due to differences in absorption in soil at different sites, and (relatively 
small) local variation in isotope ratios.  
The fitted values of the A parameter at the six calibration sites were shown in Table 4-4, 
range was 5.70×10-5 – 14.6×10-5, and mean was 9.2×10-5. This relatively narrow range 
gives confidence that values of this unknown parameter can be extrapolated to reconstruct 
external dose rates at other sites, on the basis only of the measured 137Cs activity 
 109 
concentration. It also implies that, in the early phase, soil self-shielding was broadly 
similar across the different sites.  
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Figure 4-3 Model fits to measured gamma dose rates obtained using generic isotope ratios 
for radiocaesium isotopes and 132Te, and using a regression Equation (Eq. 3-1) for 131I; 
the A parameter is fitted to the data using SAS (SAS Institute Inc.). 
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Table 4-4 The A parameter is fitted to the data at calibration sites by using SAS (SAS Institute Inc.). 
Code Direction 
Distance 
(km) 
Concentration of 
137Cs (Bq/kg) 
Mean ± S.E. 
A 
Mean Lower limit* Upper limit* 
79 NW 29 6.77×104 ± 3.81×103 6.00×10-5 5.70×10-5 6.30×10-5 
83 NW 24 2.63×105 ± 2.57×104 7.10×10-5 6.90×10-5 7.30×10-5 
3-6 NW 32 1.00×104 ± 8.04×102 1.29×10-4 1.22×10-4 1.37×10-4 
3-12 NW 30 4.53×104 ± 7.47×103 7.10×10-5 6.60×10-5 7.60×10-5 
3-13 NW 31 7.05×104 ± 5.73×103 1.42×10-4 1.38×10-4 1.46×10-4 
3-14 NW 40 1.65×104 ± 1.09×103 7.70×10-5 7.40×10-5 8.10×10-5 
   Mean 9.17×10-5 8.77×10-5 9.60×10-5 
Note that: The names of the deposition monitoring sites were show in Table E-1, Appendix E. 
* Note that the lower and upper limits are 95% confidence limits in A parameter. 
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4.2.4 The potential influence of radionuclides in air on external dose rate 
This section will discuss the minor contribution to dose rate from radionuclides in the 
dispersion cloud. The dose rate from radionuclides in the cloud can calculated by using a 
conversion factors converting the radioactivity concentration in air to the external gamma 
dose rate at 1 metre above the ground (DOE, 1988; Eckerman & Ryman, 1993; Yoo, Jang, 
Lee, Noh, & Cho, 2013). To calculate the gamma dose from radionuclides in air, the key 
radionuclides i.e. 131I, 132Te/132I and 134,136,137Cs were taken into account. Another 
majority of the contamination in air was noble gases such as  131m,133m,133 and 135Xe 
(Stoehlker, et al., 2011; Stohl, et al., 2011): these radionuclides have to be included for 
calculating the gamma dose rate. However, the most predominant nuclide of the noble 
gases is 133Xe (Stoehlker, et al., 2011; Stohl, et al., 2011) whilst 131m,135Xe have a 
conversion factor less than 133Xe by a factor of 10 (DOE, 1988; Yoo, et al., 2013). The 
conversion factors of these nuclides were shown in Table 4-5. There was no influence 
from noble gas in soil because most of them didn’t deposited into ground (Stoehlker, et 
al., 2011; Stohl, et al., 2011; UNSCEAR, 2013). 
 
Table 4-5 The conversion factors for radioactivity concentration in air to the external 
gamma dose rate above the ground about 1 metre. 
Nuclide 
The conversion factors µSv/h per Bq/m3 
DOE (1988) 
Eckerman and 
Ryman (1993) 
Yoo et al. 
(2013) 
131I 5.89E-05 6.55E-05 5.83E-05 
132Te 3.36E-05 - - 
132I 3.67E-04 4.03E-04 3.67E-04 
133Xe 5.43E-06 5.62E-06 4.43E-06 
134Cs 2.47E-04 2.73E-04 2.47E-04 
136Cs 3.49E-04 3.82E-04 3.47E-04 
137Cs/137mBa 9.44E-05 1.04E-04 9.36E-05 
 
The measured data in air was lacking during first few days after the accident. There were 
few sites where measured ambient and deposited data were available. Hosoda and co-
workers (2013) measured gamma dose rate and collected both soil and air samples from 
four sites in near-zone of Fukushima I NPSs during the early phase after accident on 17-
19 of March 2011, but only 2 sites were able to detect contamination (FU and IW-2 in 
Table 4-6). Another available 2 sites were studied by MEXT (2011a) in this period (1 and 
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2-4 in Table 4-6) . However, none of these sites  observed 132Te, 136Cs and gaseous 131I, 
so these were estimated  using the general ratios of these nuclides in Japan (within 80-
2,000 km from NPSs) as shown in Table 3-4 (17.49 for 132Te and 0.19 for 136Cs) and 
gaseous 131I can be estimated by using the mean fraction of gaseous form of 80.4% from 
Section 3.3.2. In addition, the measured ambient data in MEXT (2011a) provided the 
density of contamination in terms of radioactivity to mass of dust in air or Bq per kg of 
dust in air (Bq/kgdust). This allowed data to be converted to Bq per cubic metre of air using 
the average mass of dust in a cubic metre of air (kgdust/m
3) from the world-wide survey 
by the World Bank (2014) which gave a particulate matter concentration (PM10) in Japan 
in 2011 of 19 µgdust/m
3.  
A comparison of external gamma dose from cloud shine and soil are shown in Table 4-6. 
It is clear that the majority of gamma dose in the few days after the accident (when 
significant concentrations of radionuclides still occurred in air) was dominated by the 
contamination in soil since the ratios of dose calculated from soil to dose calculated from 
air are around 103 to 105 while the measured dose to dose calculated from air had a ratio 
which varied from 104 to 1010. 
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Table 4-6 The comparison dose rate from soil model (Equation 4-1) and air model (the conversion factors of DOE (1988) and Yoo et al. (2013)). 
Code Direction 
Distance 
(km) 
Sampling 
date 
Dose rate (µSv/h)  Ratio 
Measurement Soil Air  Measurement/Air Soil/Air Measurement/Soil 
FU NW 62.9 17/03/2011 7.39E+00 4.84E+01 5.77E-05  1.28E+05 8.39E+05 1.53E-01 
IW-2 SW 44.4 18/03/2011 1.09E+00 8.12E-01 1.16E-04  9.40E+03 7.00E+03 1.34E+00 
1 NW 62 20/03/2011 5.00E+00 1.46E+01 5.63E-09  8.88E+08 2.60E+09 3.42E-01 
2-4 N 24 21/03/2011 2.80E+00 2.35E+00 1.80E-10  1.56E+10 1.31E+10 1.19E+00 
Note that these two sites from MEXT (2011a), the names of the deposition monitoring sites were show in Table C-2, Appendix 2. 
These two sites from Hosoda et al. (2013), FU is in Fukushima city, Fukushima and IW-2 is in Iwaki, Fukushima. 
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Table 4-7 The external gamma dose from radionuclides in air at Takasaki,  Gunma 
prefecture located approximately 220 km in the southwest direction of Fukushima I NPSs, 
calculated by the conversion factors of DOE (1988) and Yoo et al. (2013). 
Sampling 
date 
Dose rate from air (µSv/h)  Ratio 
Total with 
133Xe 
 
(1) 
Total 
without 
133Xe 
(2) 
Only 133Xe 
 
 
(3) 
 (1)/(2) (3)/(2) 
13/03/2011 1.02E-07 1.01E-07 1.70E-09  1.02 0.02 
14/03/2011 5.00E-06 5.00E-06 1.37E-09  1.00 0.01 
16/03/2011 2.32E-02 2.22E-02 9.34E-04  1.04 0.04 
17/03/2011 2.25E-03 4.96E-05 2.20E-03  45.47 44.47 
18/03/2011 1.83E-04 4.78E-05 1.35E-04  3.83 2.83 
19/03/2011 1.07E-04 6.50E-05 4.18E-05  1.64 0.64 
20/03/2011 8.70E-05 6.01E-05 2.70E-05  1.45 0.45 
21/03/2011 6.37E-03 6.32E-03 5.07E-05  1.01 0.01 
22/03/2011 2.13E-03 1.88E-03 2.50E-04  1.13 0.13 
23/03/2011 1.36E-03 1.32E-03 3.65E-05  1.03 0.03 
24/03/2011 5.31E-05 3.72E-05 1.59E-05  1.43 0.43 
25/03/2011 4.77E-05 3.19E-05 1.58E-05  1.50 0.50 
26/03/2011 1.91E-05 1.59E-05 3.19E-06  1.20 0.20 
27/03/2011 1.68E-05 5.00E-06 1.18E-05  3.37 2.37 
28/03/2011 1.30E-05 4.99E-06 8.03E-06  2.61 1.61 
29/03/2011 1.39E-05 1.01E-05 3.84E-06  1.38 0.38 
30/03/2011 1.03E-04 1.01E-04 2.12E-06  1.02 0.02 
31/03/2011 4.21E-05 4.07E-05 1.44E-06  1.04 0.04 
 
 
For 133Xe, where the amount was significant in air in the first few days after the accident 
(JAEA, 2012; Stoehlker, et al., 2011), the contribution to gamma dose rate was also much 
less significant than from soil. The monitoring site nearest Fukushima I NPSs where there 
was sufficient information of 133Xe and key nuclides to evaluate the gamma dose rate was 
in Gunma prefecture approximately 220 km in the southwest (Stoehlker, et al., 2011). 
Using the conversion factors from Table 4-5, the results in Table 4-7 show that the 
contribution to gamma dose from 133X was less than the combination of key radionuclides 
as ratio of calculated dose from 133X to calculated dose from key radionuclide were lower 
than 0.7. There was only a notably high influence from 133X on 17 March (ratio = 44.47) 
and higher influence (ratio  2-3) on 18th, 27th and 28th of March. 
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On 17 March, the external gamma dose rate from cloud shine at 1 metre above the 
contaminated ground, was dominated by 133Xe from air media, however, the highest 
influence from 133Xe in air (ratio to all nuclides in air = 44.47) was still significantly lower 
than the influence from all nuclides in soil (ratio of all nuclides in soil to all nuclides in 
air was in the range 103 – 105). Thus, it can be concluded that 133Xe in air had lower effect 
to the external gamma dose compared with the effect from deposited radionuclides.  
4.3 Sensitivity of the model 
The variability in model predictions results from the following key factors: the attenuation 
and shift of the energy spectrum by penetration of fallout into the soil; geometry of the 
dose rate monitors (i.e. response to given contamination); possibly different fallout 
episodes with different radionuclide ratios. These factors lead to  uncertainty in input 
parameters used in the model such as the A parameter, the measured 137Cs activity 
concentration in soil, and the corrected ratios in soil. This is because that all of these input 
parameters were extrapolated from measured data for which some data sets were quite 
small, for example, the corrected ratio of 132Te to 137Cs. Another important factor which 
can affect the results of the model, is the lack of measured gamma dose rate data 
particularly during the highest deposition on 15 March (as seen in Table 4-1 the measured 
gamma dose from six sites started very late around 5-10 days after 15 March). The 
measured gamma dose around 15 March will be useful to extrapolate more accurate 
values of the A parameter, and also useful for validation of this model.   
This section will discuss the errors in the model, the most important of which can be 
determined by analysis of measured data. These are: the deposited concentration of 137Cs, 
the A parameter, and the corrected 131I/137Cs ratio. A Monte Carlo simulation will be used 
to estimate the error of means of other corrected ratios. Monte Carlo simulation was also 
performed for evaluating the error from all parameters, including generating the values 
of 137Cs concentration, A parameter and corrected 131I/137Cs by using randomly generated 
data sets for each characteristic.  
 
 
 117 
4.3.1 A parameter 
As shown in Table 4-4, A parameter calibrated from six calibration sites has mean = 
9.17×10-5. The sensitivity of the estimation of the A parameter can be determined by the 
SAS software: with a confidence level of 95%, the upper limit from six calibration sites 
is 1.46×10-4 and the lower limit 5.7×10-5. This range of A parameter values was used to 
determine the sensitivity of model at six calibration sites where there were available data 
for evaluating the model. Figure 4-4 show the sensitivity to the A parameter (all other 
parameters were constant, using general corrected ratios and average 137Cs 
concentrations), the result shows a good agreement, there was under estimation in 
Akougi, Namie town and Kaminogawa (code: 3-13 and direction: 31 km Northwest) and 
Katsurao village (code: 3-6 and direction: 32 km Northwest) where the estimates of 
131I/137Cs in these areas are significantly different to measured data (other sites have very 
close values to measured data). The details of the differences between measured corrected 
ratio and extrapolated ratio were shown in Table 4-3, the extrapolated ratios of 131I/137Cs 
at sites 3-6 and 3-13 were 14.57 and 11.20 respectively while measured ratios were 16.22 
and 19.75. 
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Figure 4-4 Model results with sensitivity in estimation of A parameter compared with the 
measurement data at all six calibration sites. 
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4.3.2 131I/137Cs 
The corrected ratio 131I/137Cs was determined by Equation 3-1 which was derived from 
measurements in soil in the northwest areas where there was the highest contamination. 
The corrected ratios calculated by Equation 3-1 (𝑅𝑚𝑜𝑑𝑒𝑙) and the corrected ratios by 
observation (𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 ) are not normally distributed (Kolmogorov-Smirnov test in 
IBM SPSS Statistics 20: p < 0.01 for both ). Moreover, 
𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑅𝑚𝑜𝑑𝑒𝑙
 (from all sites) is also 
not normally distributed (p < 0.01). However, the log10 transformation of 
𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑅𝑚𝑜𝑑𝑒𝑙
 is 
normally distributed (Kolmogorov-Smirnov’s test; p = 0.05) and from visual inspection 
of the histograms in Figure 4-5. Figure 4-5 shows that both 𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 and 𝑅𝑚𝑜𝑑𝑒𝑙 
show a distribution with a long tail on the right (positively skewed).  
𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑅𝑚𝑜𝑑𝑒𝑙
 
appears to be normally distributed in shape but still has long tail on the right.The 
histogram is clearly symmetrically distributed for 𝐿𝑜𝑔(
𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑅𝑚𝑜𝑑𝑒𝑙
) . 
The mean of  𝐿𝑜𝑔(
𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑅𝑚𝑜𝑑𝑒𝑙
)  is -3.0024×10-5, standard deviation is 1.9016×10-1, and 
the upper and lower bounds of 𝐿𝑜𝑔(
𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑅𝑚𝑜𝑑𝑒𝑙
± 2𝜎) are 3.8029×10-1 and -3.8035×10-
1 respectively. Then, anti-log of these values give the upper  and lower of 
𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑅𝑚𝑜𝑑𝑒𝑙
 
which are 24.0 and 4.1653×10-1 respectively (the details of these values are shown in 
Table C-5, Appendix C). Therefore, the upper and lower of the corrected ratio of 131I:137Cs 
from equation 3-1 at each site (𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 ± 2𝜎1)𝑖 can be calculated as follows 
(𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 ± 2𝜎1)𝑖 = [10
( 𝐿𝑜𝑔(
𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑅𝑚𝑜𝑑𝑒𝑙
±2𝜎2)
𝑎𝑙𝑙] × (𝑅𝑚𝑜𝑑𝑒𝑙)𝑖 
where 𝐿𝑜𝑔 (
𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑅𝑚𝑜𝑑𝑒𝑙
± 2𝜎2)
𝑎𝑙𝑙
is the mean anti log of 
𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑅𝑚𝑜𝑑𝑒𝑙
 from all sites, 
(𝑅𝑚𝑜𝑑𝑒𝑙)𝑖 is the corrected ratio of 
131I:137Cs in each site calculated from equation 3-1, 1 
is the standard deviation of 𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 at each site and 2 is the standard deviation of 
mean of 𝐿𝑜𝑔(
𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑅𝑚𝑜𝑑𝑒𝑙
) from all sites.  
Figure 4-6 shows the model sensitivity to uncertainty in 131I:137Cs ratio at the six 
calibration sites when othar input parameters are fix with their default values. The 
sensivity of 131I:137Cs is more narrow compared with that of the A parameter, showing 
(4-2) 
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that it has less influence on overall model sensitivity. As with the sensivity to the A 
parameter, a relatively high error also occured in two sites at Akougi, Namie town and 
Kaminogawa (code: 3-13 and direction: 31 km Northwest), Katsurao village (code: 3-6 
and direction: 32 km Northwest) due to the significantly high error in estimates of 
131I:137Cs. In these two sites, the ratio 131I:137Cs estimated from Equation 3-1 are twice as 
low as the measured data (see the detail in Table 4-3) resulting in the model predicting an 
underestimated gamma dose rate.  
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Figure 4-5 Illustration of the histograms of the corrected ratio from measured data and model (by Equation 3-1), the ratio of both, and the log 
transform of this ratio.
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Figure 4-6 Model results with ±2 uncertainty in estimation of 131I/137Cs ratio, compared 
with the measurement data at all six calibration sites. 
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4.3.3 137Cs activity 
The parameter with the most influence in this model is the deposited activity of 137Cs. 
This is because the other parameters are functions of 137Cs activity: the measured 137Cs 
activities at six calibration sites are used to evaluate the value of the A parameter for 
converting the sum of gamma energies and corrected ratios to gamma dose rate. In 
addition, the activities of other key radionuclides in soil are evaluated using the average 
corrected ratios, and particularly the estimation of 131I/137Cs from Equation 3-1 which 
extrapolates the ratio by using the 137Cs activity. This is a strength of the model because 
it only needs one easily measurable input parameter, but also a weakness as it makes the 
model sensitive to uncertainty in the value of 137Cs activity concentration. 
The deposited activity of 137Cs at all available sites where there were a sufficient number 
of samples (n>50) as shown in Table 4-5 were not significantly different to a normal 
distribution (Kolmogorov-Smirnov’s test p > 0.05) . Therefore, the means of these data 
are an effective representation of the values at each site and can be used as the input to 
this model. Because 137Cs activity at available sites are all normal, it is assumed that the 
137Cs activity data at smaller sample sites (n<50) are also normally distribution.   
Since measured radioactivities of 137Cs in soils are normally distributed, the variability of 
this parameter can be determined by using the S.E. or S.D for modelling. The S.D. 
indicates that how much variability there is between individuals in a sample are while 
S.E. is the uncertainty of the sample mean which represents the real mean of the 
population (Altman & Bland, 2005; Nagele, 2003). The S.D. in deposited radioactivity at 
a particular site, measures the variability due to differences factors including, for example, 
different episodes of depositions, characteristics of the ground such as type, density and 
radionuclide-absorption of soil, and removal factor of radioactivity in ground due to slope 
and erosion. In particular, the S.D. is the best uncertainty parameter to evaluate 
radioactivities from different sites where these influenced factors are significantly 
different. However, S.E. is a better choice to indicate the precision of the mean of 
measured data or samples to represent the exact mean radioactivity in soil at a given site. 
This is because all ratios of key nuclides estimated by correlation to 137Cs activity in soil, 
the error from deposited 137Cs might be the major error of modelling.  
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Table C-6 in Appendix C shows mean, S.E., S.D. and C.V. (coefficient of variation) of 
deposited radioactivity of 137Cs at all sites around the near-zone of Fukushima I NPSs. To 
consider the distribution of 137Cs activity at all sites, the % C.V. can be used.  The 
distribution at all sites are vary significantly, most sites (31) have coefficient of variation 
between 40 and 60%, only 9 sites have less variation, but 16 sites have much higher 
variation (70-140%) as shown in Figure 4-7.  At high variation sites, the error from the 
activity concentration of 137Cs is significant when modelling the external gamma dose 
rate. 
 
Figure 4-7 Illustrate the histogram of %C.V. of deposited concentration of 137Cs in soil 
at near zone of Fukushima I NPSs 
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4.3.4 132Te/137Cs and 132I/137Cs 
To estimate the external gamma dose by this modelmean of measured ratios of other key 
radionuclides (except 131I137Cs) is used. As shown in Chapter 3, the deposited corrected 
ratios of 132Te, 132I, 134,136Cs to 137Cs are consistent with direction and distance from the 
NPP. From Table 4-2, the mean of 132Te/137Cs is 18.30, calculated from 20 samples of 20 
sites, from Section 3.3.4 this mean is from a non-normal distribution. The histogram of 
this ratio in Figure 4-8 seems to be a parametric distribution. But because of the lack of 
measured data, it cannot be concluded that the distribution is normal. Therefore, an 
empirical probability density function was used to generate this ratio in Monte Carlo 
simulation. 
Table 4-8 shows the available measurements of 132Te/137Cs and unit frequency of each 
ratio value determined from measured data at near zone of NPSs. There are many ratio 
values dispersed between 10.75 and 29.25. The highest frequency of this ratio is 
apparently at ratio 18.00 (unit frequency=0.15) that is very close to the mean value 
(18.30).  
 
Figure 4-8 Histogram of 132Te/137Cs in soil which is equal to 132I/137Cs from measured 
data at near zone of Fukushima I NPSs. 
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Table 4-8 the ratio value and its unit frequency of 132Te/137Cs from measured data (n=20) 
at near zone of Fukushima I NPSs. 
Ratio 
Unit 
Frequency 
 
Ratio 
Unit 
Frequency 
 
Ratio 
Unit 
Frequency 
10 0  16.75 0.05  23.5 0 
10.25 0  17 0.05  23.75 0 
10.5 0  17.25 0.05  24 0.05 
10.75 0.05  17.5 0.1  24.25 0 
11 0  17.75 0.05  24.5 0 
11.25 0  18 0.15  24.75 0 
11.5 0  18.25 0  25 0 
11.75 0  18.5 0.05  25.25 0 
12 0  18.75 0.05  25.5 0 
12.25 0  19 0  25.75 0 
12.5 0  19.25 0  26 0 
12.75 0  19.5 0  26.25 0 
13 0  19.75 0  26.5 0 
13.25 0  20 0.05  26.75 0 
13.5 0  20.25 0  27 0 
13.75 0  20.5 0  27.25 0 
14 0  20.75 0  27.5 0 
14.25 0.05  21 0  27.75 0 
14.5 0  21.25 0  28 0 
14.75 0  21.5 0  28.25 0 
15 0  21.75 0  28.5 0 
15.25 0.1  22 0  28.75 0 
15.5 0  22.25 0.1  29 0 
15.75 0  22.5 0  29.25 0.05 
16 0  22.75 0  29.5 0 
16.25 0  23 0  29.75 0 
16.5 0  23.25 0  30 0 
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4.3.5 134Cs/137Cs 
In addition to the large number of measurements of 137Cs concentration in soil at near 
zone, there were many samples measuring 134Cs: 1,817 samples from 146 sites, with mean 
0.90 with 0.01 for S.E. and 0.06 for S.D (see Figure C-1, Appendix C for details). From 
Section 3.3.4, the mean of these measured data are not normally distributed and it is clear 
from the histogram in Figure-4.9 that the data show a positive skew with a very long right 
tail.  
From Table 4-9, the highest ratio is 0.88 and highest region is between 0.85 and 0.89.  
There are many ratios greater than highest region from 0.93 to 1.08 while the lower is 
only 0.83 – 0.84. The significant frequencies occur at 0-94-0.97 and a little frequencies 
are at 1.00 – 1.03. This pattern clears that we cannot use only S.E. and S.D. to determine 
the variation from 134Cs/137Cs, an empirical probability density function is a best method 
to evaluate variation of this ratio. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-9 Histogram of 134Cs/137Cs in soil from measured data at near zone of 
Fukushima I NPSs. 
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Table 4-9 the value of the ratio and its unit frequency for 134Cs/137Cs from measured data 
(n=144) at near zone of Fukushima I NPSs. 
Ratio 
Unit 
Frequency 
 
Ratio 
Unit 
Frequency 
 
Ratio 
Unit 
Frequency 
0.81 0  0.91 0.027778  1.01 0.020833 
0.82 0  0.92 0.013889  1.02 0.013889 
0.83 0.013889  0.93 0.006944  1.03 0.020833 
0.84 0.027778  0.94 0.020833  1.04 0 
0.85 0.118056  0.95 0.048611  1.05 0.006944 
0.86 0.118056  0.96 0.027778  1.06 0.006944 
0.87 0.131944  0.97 0.062500  1.07 0 
0.88 0.145833  0.98 0.006944  1.08 0.006944 
0.89 0.076389  0.99 0  1.09 0 
0.9 0.055556  1 0.020833  1.1 0 
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4.3.6 136Cs/137Cs 
For 136Cs/137Cs, the histogram in Figure 4-10 and Section 3.3.4 show the nonparametric 
distribution of this ratio. The shape of distribution is a little positive skewed. An empirical 
probability distribution as shown in Table 4-10 was therefore used to generate random 
numbers for the Monte Carlo simulation. 
 
Figure 4-10 Histogram of 136Cs/137Cs in soil from measured data at near zone of 
Fukushima I NPSs. 
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Table 4-10 the ratio value and its unit frequency of 136Cs/137Cs from measured data 
(n=88) at near zone of Fukushima I NPSs. 
Ratio 
Unit 
Frequency 
 
Ratio 
Unit 
Frequency 
0.08 0  0.27 0.034091 
0.09 0.011364  0.28 0 
0.1 0  0.29 0.045455 
0.11 0  0.3 0.034091 
0.12 0  0.31 0.011364 
0.13 0  0.32 0.011364 
0.14 0.022727  0.33 0 
0.15 0.022727  0.34 0 
0.16 0.056818  0.35 0 
0.17 0.011364  0.36 0 
0.18 0.011364  0.37 0 
0.19 0.022727  0.38 0 
0.2 0.147727  0.39 0 
0.21 0.079545  0.4 0 
0.22 0.090909  0.41 0.022727 
0.23 0.136364  0.42 0 
0.24 0.113636  0.43 0 
0.25 0.079545  0.44 0 
0.26 0.022727  0.45 0.011364 
 
4.4 The individual and total error from input parameters 
Monte Carlo simulation is used to determine the error from input parameters for this 
model. The method uses random samples, of a parameter to determine the behaviour of 
parameter in a complex system  (Kalos & Whitlock, 2008; Seco & Verhaegen, 2013). 
Since there were differences between the errors of parameters as discussed above in 
Section 4.3.1-4.3.6, this simulation is appropriate to determine the error from this model. 
In each parameter, the tool of random number generator in Microsoft Excel will generate 
1,000 samples from the behaviour of variation of each parameter.  For individual 
parameter, Monte Carlo is used to random samples for determined parameter, then these 
samples and mean values of other parameters are used in the model calculation to evaluate 
the upper and lower error from the determined parameter. For total errors from all input 
parameters, 1,000 random values of each parameter are the input to determine the total 
error of the model. 
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4.4.1 The individual error from each input parameter 
The error from each individual parameter and from the combination of all parameters can 
be determined by using Monte Carlo simulation. The simulation was performed at six 
calibration sites where have measured data of the external gamma dose rate was available 
in the first few days after deposition.  
For the evaluation of sensitivity for each individual parameter, the values of the parameter 
which is being determined were generated for the Monte Carlo simulation using each 
error distribution while other parameters are using their mean values. For the analysis 
sensitivity to 137Cs concentration, uncertainty in both the 131I/137Cs ratio and the 137Cs 
concentration was generated. This is because, the value of 131I/137Cs depends on the 137Cs 
concentration via Equation 3-1. Figure 4-18 (a) – (f) shows the results of the simulation 
for individual parameters varied and the combination of all parameters varied at the six 
calibration sites. The error in the A parameter was generated by using the uniform 
distribution between 1.46×10-4 and 5.70×10-5 which are the upper and lower limits 
evaluated by the SAS software; both values are consistent with the range for all sites). In 
terms of 131I/137Cs, the distribution is assumed to be uniform distribution is used between 
the upper and lower limits (Equation 4-2) at each site are taken to analyse the error from 
this parameter. For the error from the deposited concentration of 137Cs, two S.E. (95% 
confidence) will be applied for evaluating the error from all parameters. Since the 
concentration of 137Cs is normally distributed, the mean and S.E. is appropriate. Finally, 
the deposited corrected ratios of 132Te, 132I, 134,136Cs to 137Cs which are non-parametrically 
distributed, and an empirical probability density function is used to determine the error 
from these parameters.  
It is clear that, in Figure 4-17 (a) – (f), the largest error is from the value of the A parameter 
and the radioactivity concentration of 137Cs in soil. Since this is an empirical parameter 
converting the term from all other factors to the external gamma dose rate, the error from 
this parameter already includes errors from the other parameters: the error from the A 
parameter is almost the same as the error in all parameters combined. Figure 4-11 shows 
the uncertainty in the A parameter was high in the early period from 15 March in two of 
the six calibration sites. After this period, the variation continuously deceased until 30 
days after earthquake, after that the variation is constant.  
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For the uncertainty in deposited concentration of 137Cs, the error at each site depends on 
the S.E. in the mean value at each site. This error is important as other corrected ratios 
are a function of this parameter. The uncertainty in 137Cs (Figure 4-13) concentration has 
the same trend with time as the A parameter. Initially, the gamma dose was determined 
by all key radionuclides so variation in all isotope ratios is important, then as key short-
lived radionuclides decayed the gamma dose became dominated by long-lived 134,137Cs, 
reducing the uncertainty to that of the estimation of the 137Cs concentration since the 
134Cs:137Cs ratio is relatively constant. Figures 4-17 (a) – (f) show that the error from 
uncertainty in the 131I/137Cs ratio is less than that of the A parameter and 137Cs 
concentration but the error from this parameter is significantly greater than 134,136Cs to 
137Cs ratios. 131I has a significantly higher release amount, and lower gamma decay energy 
and half-life than 134,136Cs. This means that the influence of the release amount has more 
effect on the gamma dose in this case.  The model is least sensitive to uncertainty in 
134,136Cs:137Cs (Figure 4-15 and 4-16) because the variation in their ratios to 137Cs is 
relatively small and because 136Cs had a very low deposited concentration in soil (even 
though 136Cs has higher gamma decay energy).  
4.4.2 The total error from all input parameters 
For error from the combination of all parameters, 1000 randomly distributed values of all 
parameters are generated. As shown in Figure 4-17 (a) – (f), when variation in all 
parameters is considered, the majority of the total error is from the deposited 
concentration of 137Cs and the A parameter. The total error also was influenced by 
uncertainty in the ratios 131I/137Cs and 132Te/137Cs (with its daughter: 132I/137Cs) during the 
first few days after 15 March, while the ratio of radiocaesium (134, 137Cs) isotopes has little 
effect during the entire period. These results are in agreement with the assessment of 
individual errors discussed above. Using 95% confidence in the simulation results of total 
error allows us to determine the upper and lower of total errors as shown in Figure 4-18. 
The yellow dotted line is the upper and lower of the errors from all parameters (include 
the errors from A parameter and 131I/137Cs), and red dotted line for A parameter and back 
dash line for 131I/137Cs individually (by calculation in Section 4.3.1 and 4.3.2 
respectively). Since the total error includes error from all parameters, this error has good 
agreement with the range in measured data at six calibration sites including site 3-13 and 
3-6 where the error from the A parameter and 131I/137Cs were underestimated. This is 
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because the error from deposited concentration of 137Cs used to estimate 131I/137Cs was 
included in the total error. Therefore, the sensitivity from all parameters evaluated by 
Monte Carlo simulation can be used to evaluate uncertainty in the model as they show 
good agreement with early measured data (when gamma dose rate high with a 
contribution of all key radionuclides). 
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Figure 4-11 Results from Monte Carlo simulation for the error from A parameter since 
15 March. 
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Figure 4-12 Results from Monte Carlo simulation for the error from 131I/137Cs in soil 
since 15 March. 
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Figure 4-13 Results from Monte Carlo simulation for the error from concentration of 
137Cs in soil since 15 March. 
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Figure 4-14 Results from Monte Carlo simulation for the error from concentration of 
132Te/137Cs in soil which is equal to 132I/137Cs since 15 March. 
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Figure 4-15 Results from Monte Carlo simulation for the error from concentration of 
134Cs/137Cs in soil since 15 March. 
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Figure 4-16 Results from Monte Carlo simulation for the error from concentration of 
136Cs/137Cs in soil since 15 March. 
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(a) Akougi Kunugidaira, Namie town (code: 83 and Direction: 24 km Northwest) 
 
Figure 4-17 The comparisons between measured data and model results from the 
randomly generated parameters of activity of 137Cs in soil, A parameter, and the deposited 
corrected ratios of 131I (Equation 3-1), 132Te (with 132I), 134,136Cs to 137Cs and all 
parameters at calibration sites.  
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(b) Shimotsushima Kayabuka, Namie town (code: 79 and Direction: 29 km Northwest) 
 
Figure 4-17 (continued) The comparisons between measured data and model results 
from the randomly generated parameters of activity of 137Cs in soil, A parameter, and the 
deposited corrected ratios of 131I (Equation 3-1), 132Te (with 132I), 134,136Cs to 137Cs and 
all parameters at calibration sites. 
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(c) Tsushima, Namie town (code: 3-12 and Direction: 30 km Northwest) 
 
Figure 4-17(continued) The comparisons between measured data and model results from 
the randomly generated parameters of activity of 137Cs in soil, A parameter, and the 
deposited corrected ratios of 131I (Equation 3-1), 132Te (with 132I), 134,136Cs to 137Cs and 
all parameters at calibration sites. 
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(d) Akougi, Namie town (code: 3-13 and Direction: 31 km Northwest) 
 
Figure 4-17 (continued) The comparisons between measured data and model results 
from the randomly generated parameters of activity of 137Cs in soil, A parameter, and the 
deposited corrected ratios of 131I (Equation 3-1), 132Te (with 132I), 134,136Cs to 137Cs and 
all parameters at calibration sites. 
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(e) Kaminogawa, Katsurao village (code: 3-6 and Direction: 32 km Northwest) 
 
Figure 4-17 (continued) The comparisons between measured data and model results 
from the randomly generated parameters of activity of 137Cs in soil, A parameter, and the 
deposited corrected ratios of 131I (Equation 3-1), 132Te (with 132I), 134,136Cs to 137Cs and 
all parameters at calibration sites. 
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(f) Yamakiya, Kawamata town (code: 3-14 and Direction: 40 km Northwest) 
 
Figure 4-17 (continued) The comparisons between measured data and model results 
from the randomly generated parameters of activity of 137Cs in soil, A parameter, and the 
deposited corrected ratios of 131I (Equation 3-1), 132Te (with 132I), 134,136Cs to 137Cs and 
all parameters at calibration sites. 
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Figure 4-18 Comparison of errors from A parameter, 131I/137Cs, and all parameters at six 
calibration sites. 
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Figure 4-18 (continued) Comparison of errors from A parameter, 131I/137Cs, and all 
parameters at six calibration sites. 
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Figure 4-18 (continued) Illustrates comparison of errors from A parameter, 131I/137Cs, 
and all parameters at six calibration sites. 
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4.5 Results of the model  
4.5.1 Comparison of the results to earliest available measured data 
Equation 4-1 was used to determine the change of external gamma dose rate with time at 
each of the six calibration sites. The measured radiocaesium activity concentration in soil 
at each site was used as an input parameter, and activity concentrations of other 
radioisotopes were estimated using the generic RN:137Cs ratios given in Table 4-2. For 
131I, the correlation between 131I:137Cs ratio and measured 137Cs activity concentration can 
be determined by using Equation 3-1. Model fits to measured external gamma dose rate 
are shown in Figure 4-19 for the six sites for which long time-series of dose rate were 
available. However, as an advantage of this model, estimations can be extrapolated back 
to the high dose period on 15 March (it is expected that this is a good estimation point for 
the highest dose rate since it follows the time of maximum fallout. The extrapolation back 
to 15th March is shown in Figure 4-20 when the highest deposition occurred (Kinoshita, 
et al., 2011) but no measured data were available (note that the highest gamma dose was 
dominated by contaminated radionuclides in soil compared to cloud shine from the air, 
as discussed in  Section 4.2.4).  
These results reveal that the highest gamma dose rate to people who lived in these 
contaminated areas were very significant compared with the first measured data. The 
highest gamma dose for the calibration site at Akougi Kunugidaira, Namie town (code 
83) located 24 km in northwest of NPSs, on 15 March is around 500 µSv/h while the first 
measured data on 24 March was 106 µSv/h. Another site, Kaminogawa, Katsurao village 
(code: 3-6, direction: 32 km Northwest), the measurements started on 23 March with 9.4 
µSv/h and the model estimated gamma dose on 15 March was 24.02 µSv/h. Estimation 
of gamma dose on 15 March is very useful for evaluating the radiation impact on humans 
for this accident, particularly since no measurements were performed at this time.  
Using only one site-specific input parameter (137Cs activity concentration) and one fitting 
parameter (A), the model shows excellent agreement with the earliest available measured 
values at six calibration sites, reflecting accuracy of the derived isotope ratios. Therefore, 
this simplified model can be used to reconstruct the external gamma dose at any site where 
only a deposited activity concentration of 137Cs is available. Note that the first available 
measurement of both gamma dose rate and deposited activities at the same site of six 
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calibration sites were performed around 17 – 25 March, only one site at Tsushima, Namie 
town (code 3-6) started on 17 March, the details are shown in Figure 4-1.  
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Figure 4-19  the results of the model at six calibration sites: the results were evaluated 
back to highest dose period on 15 March 2011. 
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Figure 4-19 (continued) The results from the model at six calibration sites, the results 
were evaluated back to highest dose period on 15 March 2011. 
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Figure 4-19 (continued) The results from the model at six calibration sites, the results 
were evaluated back to highest dose period on 15 March 2011. 
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4.5.2 Blind test of the model 
The external dose model was “blind” tested by comparing predictions of the change in 
external gamma dose rate with time against measurements. Figure 4-20 illustrates model 
“blind” predicted dose rates against those measured at fifteen test sites. The graphs 
illustrate the good fit in regions to the North and West, but, as expected, relatively poorer 
fit at the one site to the South. In the North to West direction, some measured data in the 
early phase are available for comparing with the results from the model. Most of results 
are excellent agreement with measured data, the uncertaintyestimated from variation of 
all parameters used in the model  covers the variation in all measured data. There are 
some sites where the results of the model are slighly underestimated at  sites 3-11, and 3-
5.  Althrough the estimated 131I/137Cs from Equation 3-1 are similar to observation data  
in site 3-11 (measured ratio = 24.2,  calculated ratio = 25.6),  gamma dose from the model 
was lower than measurements by a factor of about two. This might be that the A parameter 
was not appropiate for this site (probably soil type is different to others) as other ratios 
(both calculation and measurements) were similar to other sites. For site 3-5, calculated 
131I/137Cs was 41.0 and measurement was 15.13, giving a three times underestimation of 
gamma dose at this site maybe from lack of variation of 137Cs activity from single 
measurement (137Cs activity maybe too low resulting estimation of main nuclide in very 
early phase 132Te/132I too low as well). A significantly poorer result (dose model lower 
than mesurement by a factor  eight) occurs in the South direction at Shimokitaba, Hirono 
town (code: 3-7 and direction 23 km South). The reason of the poorer fit in the South 
might be that the observed corrected deposited ratio of 131I to 137Cs was 78.27, but the 
corrected ratio calculated by Equation 3-1 is 24.14, nearly three times lower. As discussed 
in Section 3.6, the corrected ratio of 131I:137Cs in the South area of Fukushima I NPSs was 
significantly higher than other directions. 
Since there is a lack of measurements in the highly contaminated area in the Northwest 
direction and particularly gamma dose rate on 15-17th March, it is useful to use the model 
to determine the gamma dose rate at sites where measurement of 137Cs activity 
concentration in soil was available. The value of 137Cs concentration used in this model 
can be from a sample collected during at any period since the 137Cs migration in soil is 
not significant over the first few years (J. T. Smith, Fesenko, et al., 1998b). Under 
conditions of high rainfall, 137Cs can penetrate relatively deeply into the soil profile 
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(Bunzl, et al., 1997), however in most areas affected by Chernobyl (J. T. Smith & 
Beresford, 2005b), and at Fukushima (Kato, et al., 2012), the majority of radioactivity 
remained near the soil surface, limiting self-shielding. Over years-decades after fallout, 
gamma dose rates will decline due to further slow penetration of radiocaesium into the 
soil profile (Bunzl, et al., 1997; J. T. Smith & Beresford, 2005b). Note that the 137Cs 
concentration in soil in this study was from the soil samples had been collected from the 
first few days after earthquake until the end of May 2011. 
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Figure 4-20 Blind prediction of external gamma dose vs days since 15 March using only 
measured 137Cs concentration at each of fifteen sites as an input variable.  
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Figure 4-20 (continued) Blind prediction of external gamma dose vs days since 15 
March using only measured 137Cs concentration at each of fifteen sites as an input 
variable.  
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Figure 4-20 (continued) Blind prediction of external gamma dose vs days since 15 
March using only measured 137Cs concentration at each of fifteen sites as an input 
variable.  
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Figure 4-20 (continued) Blind prediction of external gamma dose vs days since 15 
March using only measured 137Cs concentration at each of fifteen sites as an input 
variable.  
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Figure 4-20 (continued) Blind prediction of external gamma dose vs days since 15 
March using only measured 137Cs concentration at each of fifteen sites as an input 
variable.  
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Figure 4-20 (continued) Blind prediction of external gamma dose vs days since 15 
March using only measured 137Cs concentration at each of fifteen sites as an input 
variable.  
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Figure 4-20 (continued) Blind prediction of external gamma dose vs days since 15 
March using only measured 137Cs concentration at each of fifteen sites as an input 
variable.  
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Figure 4-20 (continued) Blind prediction of external gamma dose vs days since 15 
March using only measured 137Cs concentration at each of fifteen sites as an input 
variable.  
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Figure 4-21 compares model predictions against data from the six calibration sites plus 
the fifteen test sites, (a) represents the gamma dose rate which was dominated by both 
short-lived (131I and 132Te/132I) and long-lived (134,137Cs) (> 30 days) radionuclides (b) 
represents the period when only long-lived radionuclides made a significant contribution 
to dose. The dotted lines show a factor of two over- and under-estimation of model 
predictions.  In the early phase at the areas from north to west, the results from model 
have good agreement with measured data. This confirms that the value of empirical A 
parameter, the equation for estimating 131I/137Cs, means of isotopic ratios of key 
contaminated nuclides are effective to predict the external gamma dose rate in these areas. 
As expected, model predictions at one site to the south of the NPSs are poorer than those 
to the north and northwest due to the poor estimation of 131I/137Cs by Equation 3-1 (as 
discuss before, the consequence of March 21 fallout event to the south resulting the 
corrected ratio of 131I/137Cs in this direction much higher than the others).  
Ninety-five percent of dose rate predictions are within a factor of two of measured values. 
There is likely to be uncertainty in the measurement of external dose rate, but this is 
expected to be insignificant in comparison with uncertainties introduced by varying 
isotope ratios at individual sites (particularly 131I:137Cs ratio) and varying early phase 
depth distributions. The results of this sensitivity analysis are consistent with the factor 
of two uncertainty of model predictions in blind testing, implying that these are the 
greatest source of model uncertainty. In general the model shows excellent agreement 
with measured dose rates against test data, providing strong evidence for the ability of 
such models to extrapolate dose rates at sites for which early phase dose rates and isotopic 
compositon are not available.  
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Figure 4-21 Comparison of predicted dose rates (µSv/h) and measured data from (a) first 
measurement up to 30 days and (b) more than 30 days after the accident.
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4.6 Discussion and conclusion   
The biggest advantage of this simple model is that it uses only one input measurement, 
the concentration of 137Cs in soil to predict the external gamma dose rate back to the 
period of highest contamination on 15 March 2011 (WHO, 2012). This is an effective 
methodology to reconstruct the external gamma dose in the early phase (within 30 days 
after earthquake) in areas where there are no measurements of other radioactive materials. 
The estimation can determine the dose at any time back to the high dose period and also 
can predict forward to future times after the early phase when external gamma dose 
became dominated by only long-lived nuclides 134,137Cs. However, this research focuses 
on the reconstruction of dose to humans in the highly contaminated area in the early 
phase, so that the validation of model is considered for the early-phase after the accident 
only.  
Following the Fukushima accident there were huge difficulties in monitoring 
radioactivity and dose rates due to the combination of the nuclear accident and the 
consequences of the earthquake and tsunami. A lot of analytical equipment was 
destroyed, and the electricity supply failed. So, the network of dose rate measurements 
was very patchy: using 137Cs concentration in this model allows estimation of past dose 
rate to other sites.  
In terms of methodology to evaluate the transfer behavior of different isotopic material, 
this study is similar to Mück and co-workers’s research (2002) at Chernobyl which used 
the corrected isotopic ratio of key gamma-ray-emitter nuclides to 137Cs to estimate the 
missing values at the sites where measured data was not performed. For the <30-km area, 
Mück et al. used a correlation between concentration air and soil (concentration in air = 
concentration in soil × the deposition velocity) as the concentration in soil was 
measureable longer than in air and lot of soil samples were conducted compared with few 
rapidly dispersed samples in air. This situation also occurred after the Fukushima 
accident: there was a lack of ambient measurements while many more soil sample 
measurements were performed. At longer distances (30-170 km) from Chernobyl, the 
corrected isotopic ratios relative to distance and direction were used to estimate 
radioactivity concentration in air for investigate inhalation dose to human (Mück, et al., 
2000). Both at Chernobyl and Fukushima, 132Te and 134,136Cs/137Cs ratios were consistent 
with distance and direction and mean ratios in soil and air were almost the same as both 
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have same type and size, and 131I depended on plume transport characteristics (the details 
were discussed in Chapter 3). This analysis of available monitoring data has shown that 
132Te is also a very important nuclide in external gamma dose rate particularly in the first 
few days after the high deposition on 15 March (approximately until 25 days after the 
earthquake). However, the influence is not directly from 132Te; the dose was dominated 
by very short-lived 132I which is a daughter of 132Te and has very high gamma energy 
decay and the high release amount in term of ratio to 137Cs. Since 132Te/132I was not 
included in the main monitoring conducted by Japanese authority and only a few 
measurements were performed by few researchers (S. Endo, et al., 2012; Imanaka, et al., 
2012), the consistent ratio of 132I to 137Cs (equal to its parent, 132Te/137Cs) with time and 
direction found in this study is very useful to estimation the release amount of this nuclide 
where there are no measured data. 
To contrast with other models, the parameters of this model are simpler to analyse while 
other models require more complicated parameters and methods. Another method using 
a conversion factor to estimate gamma dose rate from deposited density concentration 
was developed by Kocher and Sjoreen (1985) and the Health Protection Agency GRANIS 
model (Khalid & Mann, 2007). However, these are still difficult to apply to estimate 
gamma dose, especially for the Fukushima accident situation.  
Both models need deposited density concentration of 137Cs but also density or diameter 
of soil samples to evaluate deposited density concentration, or depth profile measurement 
which was not available in main monitoring by MEXT (2011b, 2011c). Also the 
calculation of total gamma dose from both are complicated as they require the summation 
from monoenergetic photons emitted from each key radionuclide, and the dose-rate 
results are not interpreted in continuous time series. Particularly Kocher and Sjoreen’s 
model has to identify deposited density concentration at specific times, though the 
GRANIS model can interpret the result at a few discrete times after deposition (0, 6, 12 
h; 1, 2, 7, 30 day; 1, 2, 5, 10, 50 year). Generally the results of these models agree with 
the simpler model developed here. From the conversion factor in GRANIS for 132Te 
which includes the influence on dose rate from its daughter 132I also has high contribution 
to dose in the period from 0 h until 30 days after an instantaneous deposition as shown in 
Table 2-4. This fact shows that 132Te/132I from GRANIS also dominated the gamma dose 
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rate in early phase, as was found in the calculation of inhalation dose following Chernobyl 
by Mück and his coworkers (2002; 2000).  
More complex models, such as the Jacob and co-workers’s model (Peter Jacob, et al., 
1994) and WHO’s model (2012), can interpret dose rate with time but there are numerous 
parameters. Beside the deposited density concentration, both of these models require 
more information about (1) site characteristics such as soil type, annual precipitation and 
distance from release point, (2) the reduction of dose rate from the surface roughness of 
the interface between air and ground, and (3) the migration of the radioactive material 
into the soil also have to be accounted for using empirical parameters.  
In addition, the WHO model, developed to estimate gamma dose rate following the 
Fukushima accident also requires other specific and complex parameters and the dose rate 
coefficient from surface activity density to kerma rate at a height of one metre above 
ground due to the initial distribution of the radionuclide. However, the similarity between 
the model from this research and the WHO model is that the calculations both use isotopic 
ratios to deposited density concentration of 137Cs to estimate the values of other key 
nuclides. Note, however, that WHO does not consider the remarkably different ratios of 
131I/137Cs with direction, unlike this research and the previous Mück et al. (2002) study 
of Chernobyl: the WHO model uses a single value of 7.8 for this ratio in all directions. 
This is likely to underestimate, dose rates as deposited ratios were generally much higher 
than this. Another similarity is that the WHO model uses as its starting point the highest 
gamma dose rate on 15 March 2011 when the fallout was at its peak.  
For the possible influence of dose rate from the cloud of contamination, using conversion 
factors (DOE, 1988; Eckerman & Ryman, 1993; Yoo, et al., 2013) to convert radioactivity 
in air to the gamma dose rate at 1 metre above ground it was shown that the dose from 
cloud shine is not significant compared to external gamma dose at the ground surface. 
The most important radionuclides in air released from the Fukushima accident were 131I, 
132Te/132I, 137Cs and the noble gas 133Xe, but all nuclides except 133Xe produced gamma 
dose rate significantly lower than produced by deposited activity in soil.  In the case of 
133X, this noble gas had produced a very high dose in short period in the very early phase 
(dose from soil was remarkably greater  than  the highest dose from 133X in air by about 
200-2,000 times estimated from available at JAEA (JAEA, 2012)) but it did not deposit 
on the ground (WHO, 2012) so it can be concluded that there was no significant 
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interference to gamma dose rate at ground level by this radionuclide. This observation 
agrees with other studies: UNSCEAR (2013) and WHO (2012) for the Fukushima 
accident and UNSCEAR (1998b) for Chernobyl conclude that the majority of radiation 
dose to the public was dominated by deposited radioactivity and the ingestion pathway.  
This model can be used to estimate the integrated gamma dose from soil. Since the 
Japanese Government announced a voluntary evacuation area for the 20 to 30 km zone 
around Fukushima on 25th March (NISA, 2011a), the residents in this area were exposed 
significantly from the highest deposition date on 15th March until 25th March. Table 4-11 
illustrates the integrated gamma dose based on deposited concentration density in Figure 
1-9 and the date of evacuation. 
Table 4-11 also shows the 30-days integrated gamma dose corresponding to the map of 
deposited radiocaesium at the near-zone area of Fukushima I NPSs produced by MEXT 
(2011d) as shown in Figure 1-9. The fraction of 137Cs = 52.63% (estimated by using ratio 
134Cs/137Cs = 0.9, not including 136Cs due to the fact that MEXT (MEXT, 2011b, 2011c) 
monitored only 134Cs and 137Cs), estimated depth of sample = 5 cm and general soil 
density = 1,500 kg/m3 were used to convert surface deposition (Bq/m2) of radiocaesium 
from map to activity concentration of 137Cs  (Bq/kg) which is the input of this model as 
follows  
activity (Bq/kg) =
0.5263 × surface deposition (Bq/m2) 
depth (m) × soil density (kg/m3)
 
Integrated gamma dose in Table 4-10 is given by the area under the graph of results from 
Equation 4.1 from 15th of March to 15th of April 2011 
 
For the highest contaminated area in Northwest direction of NPSs (red area in Figure 1-
9), the first month integrated gamma dose to population was 3.6×103 - 3.6×102 µSv 
compared with a dose limit = 5 mSv/y for people from Japanese law which was enforced 
on April 2012 (MHLW, 2012). If people lived in this area for a year, the integrated gamma 
dose would have been 15 mSv.  
4-4 
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Table 4-11 The integrated gamma dose (µSv) from soil at near-zone of Fukushima I NPSs 
corresponding to the map of deposited radiocaesium produced by MEXT (2011d) as 
shown in Figure 1-9 and the date of evacuation. 
date 
of 
evacuation 
Surface deposition of 137Cs (Bq/m2) in Figure 1-9 
3×107 - 3×106 3×106 - 1×106 1×106 - 6×105 6×105 - 3×105 < 3×105 
Activity concentration of 137Cs  (Bq/kg) 
2×105 - 2×104 2×104 - 7×103 7×103 - 4×103 4×103 - 2×103 < 2×103 
Integrated gamma dose (µSv) since 15 March until evacuation 
16 March 0.43 - 0.044 ×103 44 - 15 15 - 9 9 - 5 < 5 
17 March 0.80 - 0.082 ×103 82 - 28 28 - 17 17 - 9 < 9 
18 March 1.10 - 0.113 ×103 113 - 39 39 - 24 24 - 13 < 13 
19 March 1.36 - 0.140 ×103 140 - 49 49 - 30 30 - 16 < 16 
20 March 1.59 - 0.163 ×103 163 - 57 57 - 35 35 - 19 < 19 
21 March 1.78 - 0.183 ×103 183 - 64 64 - 39 39 - 21 < 21 
22 March 1.94 - 0.200 ×103 200 - 70 70 - 43 43 - 23 < 23 
23 March 2.09 - 0.215 ×103 215 - 75 75 - 47 47 - 25 < 25 
24 March 2.22 - 0.229 ×103 229 - 80 80 - 50 50 -27 < 27 
25 March 2.33 - 0.240 ×103 240 - 84 84 - 52 52 - 28 < 28 
26 March 2.44 - 0.251 ×103 251 - 88 88 - 55 55 - 30 < 30 
27 March 2.53 - 0.261 ×103 261 - 91 91 - 57 57 - 31 < 31 
28 March 2.61 - 0.270 ×103 270 - 94 94 - 59 59 - 32 < 32 
29 March 2.69 - 0.278 ×103 278 - 97 97 - 61 61 - 33 < 33 
30 March 2.77 - 0.286 ×103 286 - 100 100 - 62 62 - 34 < 34 
31 March 2.83 - 0.293 ×103 293 - 102 102 - 64 64 - 34.6 < 34.6 
01 April 2.90 - 0.299 ×103 299 - 105 105 - 65 65 - 35.5 < 35.5 
02 April 2.96 - 0.306 ×103 306 - 107 107 - 67 67 - 36.2 < 36.2 
03 April 3.02 - 0.312 ×103 312 - 109 109 - 68 68 - 37.0 < 37.0 
04 April 3.07 - 0.318 ×103 318 - 111 111 - 69 69 - 37.7 < 37.7 
05 April 3.13 - 0.323 ×103 323 - 113 113 - 71 71 - 38.3 < 38.3 
06 April 3.18 - 0.328 ×103 328 - 115 115 - 72 72 - 38.9 < 38.9 
07 April 3.23 - 0.334 ×103 334 - 117 117 - 73 73 - 39.6 < 39.6 
08 April 3.28 - 0.339 ×103 339 - 119 119 - 74 74 - 40.1 < 40.1 
09 April 3.33 - 0.344 ×103 344 - 120 120 - 75 75 - 40.7 < 40.7 
10 April 3.37 - 0.348 ×103 348 - 122 122 - 76 76 - 41.2 < 41.2 
11 April 3.42 - 0.353 ×103 353 - 124 124 - 77 77 - 41.8 < 41.8 
12 April 3.46 - 0.358 ×103 358 - 125 125 - 78 78 - 42.3 < 42.3 
13 April 3.51 - 0.362 ×103 362 - 127 127 - 79 79 - 42.8 < 42.8 
14 April 3.55 - 0.367 ×103 367 - 128 128 - 80 80 - 43.3 < 43.3 
 
To summarise, the results show that the model predictions are generally in good 
agreement with measured data for sites located from north to west of Fukushima I NPSs. 
As expected, the results are poor for southern area as this area had a remarkably high ratio 
131I/137Cs which resulted from the second plume on 21 March. The sensitivity analysis 
showed that the, empirical A parameter and 137Cs concentration are the greatest source of 
model uncertainty. Since the A parameter is the conversion factor to convert all 
parameters to gamma dose, the error from the empirically determined A parameter likely 
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includes errors from all parameters. The error in this parameter is similar from both direct 
calculation using upper and lower ranges of the calibration sites and when using the 
Monte Carlo simulation. For 137Cs concentration in soil, the statistical error from each 
site is taken into account in this model. As other corrected ratios of key nuclides are a 
function of 137Cs, the resulting error in this parameter is highly significant. Sensitivity 
form all parameters by Monte Carlo simulation had an excellent agreement with measured 
data of northern-to-western area showing that it can be used as a measure of the sensitivity 
of this model. As shown in blind test results, the model can reconstruct the external 
gamma dose at height 1 m above the ground back to maximum dose period after 15 March 
2011 from the sites where there is a lack of measured data using only later measurements 
of 137Cs concentration in soil. 
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Chapter 5 Transfers of radionuclides in freshwater ecosystems 
 
5.1 Introduction 
Many rivers and lakes in Japan have been affected by fallout from the Fukushima 
accident. This part of the study will focus on the application of the simplified model 
“AQUASCOPE” to predict the concentration of the key radionuclides 134Cs, 137Cs and 
131I in surface waters and freshwater fish near the Fukushima I NPSs where contamination 
densities were high. The AQUASCOPE model  (J. T. Smith, et al., 2005; J.T. Smith et 
al., 2002; J. T. Smith et al., 2001) had been developed based on the long-term empirical 
data in European surface water systems affected by the atmospheric nuclear weapons 
testing and the Chernobyl accident fallout events. The model had been verified against 
measured data from these fallout events plus data from the Kyshtym accident. This 
dynamic model can predict the contamination of freshwater ecosystems from the time of 
the accident until the long-term period of more than ten years. As discussed in the 
Methods chapter (Chapter 2), the minimum required input parameters for this model are 
relatively basic parameters such as catchment area, depth, surface deposition, fraction of 
organic and boggy soil and net annual rainfall on the catchment. For calculation of the 
uptake of radiocaesium to fish, the potassium concentration of the lake or river water and 
wet weight of fish (both predatory and non-predatory) is required. It clear that these 
parameters are relatively easily available for prediction of long term contamination of 
freshwater systems. This research intends to use this for prediction of contamination of 
freshwater systems in Japan and test the results with available field measurements 
following the Fukushima accident. It is possible that there will be significant differences 
between model parameters from European ecosystems and those in Japan so that the 
results of AQUASCOPE need to be validated for long term predictions in water and fish 
affected by Fukushima.  
The significant advantage of AQUASCOPE is that it is a simple model which requires 
basic parameters while other models require complex parameters (Section 2.6.5) such as 
a complex transfer coefficient between trophic level in Koulikov and Meili’s model 
(2003), contamination in fish during initial period of deposition (the maximum activity 
concentration and time from first deposition to maximum point) in Sundbom et al.’s 
model (2003), and a coefficient of proportionality between the elimination rate of the 
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bioelement, the general rate of metabolism and the concentration of the stable bioelement 
analogue in the fish and the food of the fish which were used in the model developed by 
Kryshev and Ryabov (2000). AQUASCOPE also divided characteristic of freshwater 
system which describes the level of contamination (lowest in river and highest in closed 
lake) while others model did not determine these resulting in more accurate result from 
the AQUASCOPE model. Another remarkable benefit of AQUASCOPE is that it can 
estimate contamination of 131I in water bodies and fish as the amount of 131I was highest 
in initial period (Section 1.3 and 3.3). 
5.2 Methodology 
The simplified model, AQUASCOPE, was developed by observing field measurement 
data of the surface water systems in European countries following the fall out from 
atmospheric nuclear weapons explosions and large scale nuclear accident of Chernobyl 
resulting in large areas of land being contaminated by the long-lived radionuclides 137Cs 
and 90Sr. The model (J. T. Smith, et al., 2005; J.T. Smith, et al., 2002; J. T. Smith, et al., 
2001) shows that the activity concentration in water and fish in surface water ecosystems 
primarily depends on the level of surface deposition (Bq m-2) and some key characteristics 
of catchments, lakes and rivers. The model is based on key processes of water and 
sediment transfer in these systems, but model parameters are empirically estimated from 
a wide range of measurement data. These parameters might be different than those seen 
in Japan so that the verification of the model is necessary.  
5.2.1 Rivers and lake measurements used in this research 
After the Fukushima accident, there has been monitoring of contaminated rivers and lakes 
in Japan, conducted by research institutions and the Japanese authorities.  Radiocaesium 
is found in dissolved and particulate adsorbed forms in aquatic systems: this research will 
focus on the dissolved form because the uptake to fish is mainly from this form (Jinks, 
1975; Morgan, Tytler, & Bell, 1994; Wang & Wong, 2003; Zhao, Wang, Yu, & Lam, 
2001)). Only one lake in Iitate, Fukushima Prefecture had been monitored daily by MEXT 
(MEXT, 2011b): sampling occurred from seven days after the accident until the end of 
July 2011. For rivers, three research studies have monitored rivers in near zone of 
Fukushima I NPSs: at the Wariki and Hiso Rivers (Ueda and co-workers (2013)), at the 
Matsu, Sugita, Gohyaku and Yashiro Rivers (Yasutaka et al. (2014)), and at Natsui and 
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Same rivers (Nagao et al, 2013). Figure 5-1 shows the locations of all five rivers where 
data were available. The Wariki and Hiso Rivers are located in the high contamination 
area (1-3×106 Bq m-2 region) to the northwest of the power plants at a distance of 
approximately 45 km. These two rivers are branches of the Niida River. The Abukuma 
River is the main stream of the Matsu, Sugita, Gohyaku and Yashiro Rivers, the first three 
of these being located in the 3-6×105 Bq m-2 region and the Yashiro River is in the less 
contaminated <3×105 Bq m-2 region. 
This study collaborated with Chiba Institute of Technology in Japan to carry out 
measurements and determine catchment characteristics of Iitate Lake. Lake water 
samples were collected to obtain data over a longer period than the measurements 
conducted by MEXT on this lake. Iitate Lake is located in a highly contaminated area 
within the catchment of the Wariki River. In addition, monitoring data was obtained from 
Chiba Institute of Technology on concentration of fish in Teganuma Lake,   this lakes 
being in about 160 km from the NPSs in the southwest direction. 
Surface deposition (Bq m-2) measurements in the catchments of all rivers and lakes were 
performed by MEXT (2014). MEXT collected many soil samples in a large area of about 
200 km radius from Fukushima I NPSs. The first measurement data from the catchments 
of all rivers and Iitate Lake were collected on 14 June 2011, while the samples of soils in 
catchments of Kasumigaura and Teganuma Lake were performed very late on 1 March 
2012. For modelling, surface deposition measurements were decay corrected to the high 
deposition on 15 March 2011. 
In studies in Europe, the runoff of radiocaesium from catchments depended on the degree 
of coverage with organic, boggy soils (J. T. Smith, Howard, et al., 1998; J. T. Smith et 
al., 2004), but evidence of such boggy soils was observed in the study areas in Japan by 
Chiba Institute of Technology (Yutaka Kameda, pers. comm.) so this fraction is assumed 
to be zero for all rivers and lakes in this research. The potassium concentration of the 
water is important for modelling radioactivity of radiocaesium in fish because the rate of 
uptake of radiocaesium into fish is inversely proportional to the potassium concentration 
in water (Blaylock, 1982; J.T. Smith, A.V. Kudelsky, et al., 2000). There was a lack of 
available potassium concentration data in some of the rivers and lakes studied. However, 
UNEP  (2008) concludes that the average of potassium concentration of surface waters in 
Asian countries is 2 mg L-1, so this value was used as a best estimate. 
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The catchment areas of all rivers and lakes were measured by the Department of Mineral 
Resources (DMR), Thailand. DMR (Namphone Khampilang, Geologist) used ArcGIS® 
software version 10 of ESRI to analysis catchment areas and produce the maps of eight 
rivers and three lakes. The position sites of surface deposition are estimated on all maps 
(both rivers and lakes) because  no GIS data is provided by MEXT (2014). 
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Figure 5-1 Illustration of the five rivers used in this research (the red squares represent 
the sampling points). The map was generated by ESRI’s ArcGIS explorer (ESRI, 
http://www.esri.com/Software/arcgis/explorer) by the author. 
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Figure 5-2 the Location of Iitate, Kasumigaura and Teganuma Lakes. The map was 
generated by ESRI’s ArcGIS explorer (ESRI, 
http://www.esri.com/Software/arcgis/explorer) and produced by the author. 
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(a) Wariki River 
The Wariki (Figure 5.1) is a short river consisting of many branches, one of which begins 
at Iitate Lake, also studied here. Ueda at al. (2013) collected samples for fifteen different 
times between July and November in 2011 (Table 5-1) at one site of the river. The exact 
location of the sampling point is not available but it is located roughly at the beginning 
of one branch of the river and this point was near the Wariki River as shown in Figure 5-
3 (a). The potassium concentration in river water at the sample point was also collected 
by taking four samples during July – November 2011: the mean value was 1.3 mg L-1. 
The catchment area of this branch of the river is relatively small, and surface deposition 
measurements are available for two points in this part of the catchment (MEXT, 2014). 
Since this river is locatedin the highly contaminated area, the means of surface 
depositions (corrected back to the highest deposition date on 15 March 2011) are 
remarkably high at 7.72×105, 8.00×105 and 8.57×106 Bq m-2 for 134,137Cs and 131I 
respectively.  
(b) Hiso River 
The Hiso River (Figure 5.1) has a short main stream with few branches. The sampling 
point is on the beginning of the main stream (Ueda, et al., 2013). At this sampling point, 
four samples of river water were collected for measuring potassium concentration, 2.9 
mg L-1 was for mean and 1.3-4.2 mg L-1 was the range (Ueda et al. 2013). 
The catchment of the sampling point used by Ueda and co-workers is small area: there 
were available three sites of soil sampling from MEXT (2014), these site have one single 
sample for each and the details are shown in Figure 5-3 (b). The mean deposited 
concentration density of 134,137Cs and 131I corrected to 15 March 2011 were 8.95×105, 
9.15×105 and 7.79×106 Bq m-2 respectively which had the highest surface deposition 
compared with other rivers. 
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Table 5-1 Dissolved concentration and percentage of dissolved form of 137Cs of water in Wariki and Hiso Lakes (Ueda, et al., 2013). 
Time of Sampling 
Years 
after 
depositio
n 
s 
(mg L-1) 
134Cs 
 
137Cs 
Particulate 
(Bq kg-1) 
Dissolved 
(Bq m-3) 
Kd  
(L kg-1) 
 
 
Particulate 
(Bq kg-1) 
Dissolved 
(Bq m-3) 
Kd  
(L kg-1) 
 
Wariki River          
20/07/2011 16:40 0.35 2.87E+01 2.16E+05 6.00E+02 3.60E+05  2.41E+05 7.00E+02 3.44E+05 
21/07/2011 08:52 0.35 2.07E+01 2.23E+05 5.00E+02 4.46E+05  2.34E+05 6.00E+02 3.90E+05 
21/07/2011 15:23 0.35 7.70E+00 2.34E+05 4.00E+02 5.85E+05  2.65E+05 4.00E+02 6.63E+05 
22/07/2011 07:00 0.35 3.80E+00 2.51E+05 4.00E+02 6.28E+05  3.10E+05 4.00E+02 7.75E+05 
10/08/2011 14:00 0.41 1.16E+01 1.95E+05 4.00E+02 4.88E+05  2.18E+05 4.00E+02 5.45E+05 
20/09/2011 14:10 0.52 7.11E+01 1.34E+05 5.00E+02 2.68E+05  1.63E+05 6.00E+02 2.72E+05 
20/09/2011 16:30 0.52 6.15E+01 1.25E+05 5.00E+02 2.50E+05  1.51E+05 6.00E+02 2.52E+05 
21/09/2011 09:45 0.52 1.31E+02 1.18E+05 5.00E+02 2.36E+05  1.38E+05 5.00E+02 2.76E+05 
21/09/2011 15:30 0.52 6.40E+01 1.17E+05 3.00E+02 3.90E+05  1.34E+05 4.00E+02 3.35E+05 
22/09/2011 10:20 0.52 2.50E+01 5.50E+04 2.00E+02 2.75E+05  6.60E+04 2.00E+02 3.30E+05 
21/11/2011 13:15 0.69 1.00E+00* 8.80E+04* 1.20E+02* 7.33E+05*  1.06E+05* 1.50E+02* 7.07E+05* 
22/11/2011 10:50 0.69 1.00E+00* 1.08E+05* 1.00E+02* 1.08E+06*  1.20E+05* 1.30E+02* 9.23E+05* 
 Average 4.26E+01 1.67E+05 4.30E+02 3.93E+05  1.92E+05 4.80E+02 4.18E+05 
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Table 5-1 (continued) Dissolved concentration and percentage of dissolved form of 137Cs of water in Wariki and Hiso Lakes (Ueda, et al., 2013). 
Time of Sampling 
Years 
after 
depositio
n 
s 
(mg L-1) 
134Cs 
 
137Cs 
Particulate 
(Bq kg-1) 
Dissolved 
(Bq m-3) 
Kd  
(L kg-1) 
 
 
Particulate 
(Bq kg-1) 
Dissolved 
(Bq m-3) 
Kd  
(L kg-1) 
 
Hiso River          
20/07/2011 14:42 0.35 4.73E+01 1.81E+05 1.10E+03 1.65E+05  2.05E+05 1.30E+03 1.58E+05 
20/07/2011 17:33 0.35 5.92E+01 1.71E+05 1.30E+03 1.32E+05  2.09E+05 1.50E+03 1.39E+05 
21/07/2011 08:00 0.35 2.39E+01 1.65E+05 1.30E+03 1.27E+05  1.87E+05 1.40E+03 1.34E+05 
21/07/2011 15:53 0.35 1.18E+01 1.57E+05 8.30E+02 1.89E+05  1.92E+05 9.10E+02 2.11E+05 
22/07/2011 06:30 0.35 7.50E+00 1.86E+05 7.10E+02 2.62E+05  2.26E+05 8.10E+02 2.79E+05 
10/08/2011 15:00 0.41 1.74E+01 5.40E+04 5.90E+02 9.15E+04  1.89E+05 7.10E+02 2.66E+05 
20/09/2011 13:00 0.52 5.34E+01 1.11E+05 9.30E+02 1.19E+05  1.28E+05 1.10E+03 1.16E+05 
20/09/2011 16:00 0.52 3.54E+01 1.15E+05 1.00E+03 1.15E+05  1.39E+05 1.10E+03 1.26E+05 
21/09/2011 09:00 0.52 5.76E+01 9.40E+04 7.10E+02 1.32E+05  1.12E+05 8.00E+02 1.40E+05 
21/09/2011 11:00 0.52 4.01E+01 1.05E+05 8.10E+02 1.30E+05  1.23E+05 1.00E+03 1.23E+05 
21/09/2011 15:00 0.52 3.72E+01 9.80E+04 7.90E+02 1.24E+05  1.18E+05 1.00E+03 1.18E+05 
22/09/2011 10:00 0.52 1.51E+01 5.80E+04 5.80E+02 1.00E+05  7.00E+04 6.80E+02 1.03E+05 
22/09/2011 11:00 0.52 1.67E+01 5.40E+04 5.40E+02 1.00E+05  6.10E+04 6.60E+02 9.24E+04 
21/11/2011 15:30 0.69 1.30E+00* 8.00E+04* 1.70E+02* 4.71E+05*  9.90E+04* 2.00E+02* 4.95E+05* 
22/11/2011 10:00 0.69 1.50E+00* 1.67E+05* 1.60E+02* 1.04E+06*  1.91E+05* 2.00E+02* 9.55E+05* 
 Average 3.25E+01 1.19E+05 8.61E+02 1.37E+05  1.51E+05 9.98E+02 1.54E+05 
Note that: *There was Typhoon over this period resulting to the percentage of dissolved form of 137Cs increased rapidly than usual and these values are not used 
to calculate the mean. 
For dry weight. 
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(c) Yashiro River 
The Abukuma  is a long river which runs through the Fukushima Prefecture with many 
tributaries, the catchment of 234-km river is 5,390 km2 covered mainly by forest and has 
very steep gradients in many of its sub-catchments as most of these are located in volcanic 
mountains (Kabir, Dutta, & Hironaka, 2011; Kinouchi, Seino, & Takase, 2012). Many of 
the tributaries of the Abukuma River, including the Yashiro River, had high fall out on 
their catchments. The Yashiro River is located at the beginning of the Abukuma River. 
Yasutaka and co-workers (2014) collected one water sample  about 62 km to the 
southwest of the NPSs, the concentration of dissolved 134,137Cs being 9 and 16 Bq m-2 on 
14 September 2012. The surface deposition on the Yashiro River catchment is lower than 
other rivers studied in this research. MEXT (2014) collected soil samples in this large 
catchment on 14 June 2014 as shown the detail in Figure 5-4 (a) – (c), and the corrected 
means are 2.76×104, 2.80×104 and 2.21×105 Bq m-2 for 134,137Cs and 131I respectively.  
For potassium concentrations, there is no available data in any of the tributaries of the 
Abukuma River. However, Sakaguchi and co-workers (2014) measured potassium 
concentrations in the main stream of the Abukuma River at three sites all of which are 
downstream of the Yarisho River. The values measured were 2.5, 2.7 and 2.5 mg L-1 and 
the mean is 2.56 mg L-1 (another site in the estuary of the river was not used for estimating 
the mean due to its salinity). It is assumed that the potassium concentration of   the 
tributaries is similar to the main river, so this wil be used for the Yashiro model and other 
tributaries of the Abukuma.  
(d) Gohyaku River 
The Gohyaku River is a tributary of the Abukuma River located further downstream in 
the middle section of the main river. The sampling point is in the western area, at a 
distance from the power plant of around 56 km. Measurements of radioactivity 
concentrations in water from a sample at this point collecting on 14 September 2012 were 
11 and 22 Bq m-3 for dissolved 134Cs and 137Cs (Yasutaka, et al., 2014). The catchment is 
smaller than Yashiro River (Figure 5-5 (a) – (c)), and the means of surface deposition 
(from data in MEXT 2014) corrected back to 15 March 2011 were found to be 9.05×104, 
9.14×104 and 7.66×105 Bq m-2 for 134,137Cs and 131I respectively.  
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(e) Sugita River 
Next to Gohyaku River in the downstream direction is the Sugita River. Yasutaka and co-
workers (2014) measured dissolved 134Cs and 137Cs at this point (56 km to the west 
direction of the NPSs) in one water sample on 14 September 2011, finding 11 and 25 Bq 
m-3 respectively Figures 5-6 (a) – (c) illustrate the corrected surface deposition of key 
radionuclides (from data in (MEXT, 2014), and 9.71×104 Bq m-2 was the mean for 
deposited 134Cs, 1.02×105 for 137Cs and 6.32×106 for 131I. 
(f) Matsu River  
The last branch of Abukuma River used in this research is the Matsu River. The dissolved 
concentrations of 134Cs and 137Cs (Yasutaka, et al., 2014) were, 9.45×104 and 7.66×105 
Bq m-3 respectively at a sampling point located approximately 62 km to the southwest of 
the NPS. Corrected surface deposition in this catchment was 2 . 3 6 ×105, 2 . 3 6 ×105 and 
3.25×106 Bq m-2 for 134,137Cs and 131I respectively, from monitoring on 14 June 2011 (see 
Figure 5-7 (a) – (c)). 
Table 5-2 Summary of radioactivity concentrations of radiocaesium in river water 
(dissolved phase) in four branches of the Abukuma River monitored by Yasutaka et al. 
(2014). 
River 
Time of 
Sampling 
Years 
after 
deposition 
Particulate phase 
(Bq m-3) 
 Dissolved phase  
(Bq m-3) 
134Cs 134Cs 
 134Cs 137Cs 
Yashiro 14/09/2012 1.5 5.00E+00 1.30E+01  9.00E+00 1.60E+01 
Gohyaku 14/09/2012 1.5 9.20E+01 1.49E+02  1.10E+01 2.20E+01 
Sugita 14/09/2012 1.5 4.20E+01 7.10E+01  1.10E+01 2.50E+01 
Matsu 14/09/2012 1.5 8.00E+00 1.30E+01  4.30E+01 8.30E+01 
 
Table 5-2 shows the concentration of radiocaesium in river water in four branches of the 
Abukuma River. The Matsu River had the highest concentration, probably due to the 
highest atmospheric fall out to its catchment; both Gohyaku and Sugita rivers had lower 
concentrations than the Matsu by a factor of four, and the lowest concentration occurred 
in the Yashiro. This confirms that the concentration of radiocaesium in river water in 
these mineral catchments depended mainly on surface deposition to the catchment area 
similar to studies of nuclear weapons test fallout and the Chernobyl accident (Helton, et 
al., 1985; J. T. Smith, et al., 2005; J. T. Smith, et al., 2004). 
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(g) Natsui and Same Rivers  
Outside the near zone of the Fukushima I NPSs, there are available measurements of 
radiocaesium in both dissolved and particulate phases from the Natsui and Same Rivers 
in the southwest area. Observations of radioactivity concentration of river water were 
made from July 2011 to December 2011 (five samples from one site on each river) by 
Nagao et al. (2013). The dissolved phase fraction of radiocaesium can be estimated from 
the total using the mean percentage of dissolved phase activity. Since there was a 
Typhoon on 22 September 2011, the percentage of dissolved phase changed rapidly 
making this estimation uncertain, so the measured data after the Typhon were not used in 
this research. The mean percentage of dissolved phase 134, 137Cs before the Typhoon was 
60% for the Natsui and 74% for Same (from Nagao et al. (2013) Estimates of dissolved-
phase activity in these rivers from before the Typhoon are shown in Table    5-3.    
The sites for collecting river water samples from the Natsui and Same Rivers are 
downstream of most tributaries (about 42 km from Fukushima I NPSs). The details of 
surface deposition in Natsui’ and Same catchments (monitored by MEXT (2014) on 14 
June 2011) are shown in Figures 5-8 and 5.9.The corrected surface depositions on 15 
March 2011 were 2.09×104, 2.77×104 and 1.26×106 Bq m-2 for 134,137Cs and 131I 
(respectively) in the Natsui (Figure 5-8 (a)-(c)) and 2.21×104, 2.23×104 and 1.60×106 Bq 
m-2 in the Same (Figure 5-9 (a)-(c)). 
Since there are no available potassium concentration measurements for the Natsui and 
Same Rivers, the mean value of 2 mg L-1 for Asian countries (UNEP, 2008) is used for 
estimation in model. This mean is similar to other rivers which are shown in the 
summation of input parameters of all rivers used in this research (Table 5-4).  
Since the catchments of the Natsui and Same rivers are farther than previous rivers from 
the NPSs (about 40 and 60 km for Natsui and Same respectively), the surface deposition 
are significantly lower than the other rivers, being about one order of magnitude lower 
than the highly contaminated Wariki and Hiso Rivers. 
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Table 5-3 Summary of radioactivity concentrations of radiocaesium in river water in the 
Natsui and Same Rivers Nagao et al. (2013)). 
Time of 
Sampling 
Years 
after 
deposition 
Particulate phase 
(Bq m-3) 
 
Dissolved phase 
(Bq m-3) 
134Cs 134Cs  134Cs 137Cs 
Natsui       
12/07/2011 0.33 1.96E+01 2.08E+01  2.94E+01 3.12E+01 
27/07/2011 0.37 3.56E+01 3.92E+01  5.34E+01 5.88E+01 
13/09/2011 0.50 1.01E+01 1.04E+01  1.51E+01 1.56E+01 
Same       
12/07/2011 0.33 1.94E+01 2.11E+01  5.51E+01 5.99E+01 
27/07/2011 0.37 1.24E+01 1.35E+01  3.52E+01 3.85E+01 
13/09/2011 0.50 4.13E+00 4.91E+00  1.18E+01 1.40E+01 
 
Table 5-4 shows the summary of minimum input parameters for all eight rivers which 
were analysed in this research. Since potassium concentrations in the water of the Natsui 
and Same River were not available, the general value of rivers in Asian countries (UNEP, 
2008) was assumed. Measurement of potassium concentrations were available for Wariki 
and Hiso River while all branches of Abukuma River (Yashiro, Gohyaku, Sugita and 
Matsu River) use measured data (mean of 2.56 mg L-1) from three-sites downstream of 
these four tributaries. For the fraction of the catchment covered by organic and boggy 
soils (forg), Chiba Institute of Technology observed many catchments of rivers and lakes 
in Japan and confirmed that there is no content of boggy soil (Yutaka Kameda, pers. 
commun.).There were no available measurements of radiocaesium in fish data in these 
rivers so comparison with the model results was not possible. For prediction of activity 
concentrations in fish, a wet weight of fish of 1 kg was assumed.  
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Table 5-4 Summary of input parameters for all eight rivers. 
River 
 
mean surface deposition on catchment* 
(DC, Bq m-2) 
 
Potassium 
concentration 
(mg L-1) 
fraction of the 
catchment 
covering by 
organic, boggy 
soils (𝒇𝒐𝒓𝒈) 
 
Wet weight  
of fish 
(kg) 
131I 134Cs 137Cs 
Wariki 8.57E+06 7.72E+05 8.00E+05 1.30 0.0 1.0 
Hiso 7.79E+06 8.95E+05 9.15E+05 2.90 0.0 1.0 
Yashiro 2.21E+05 2.76E+04 2.80E+04 2.56 0.0 1.0 
Gohyaku 7.66E+05 9.05E+04 9.14E+04 2.56 0.0 1.0 
Sugita 6.32E+06 9.71E+04 1.02E+05 2.56 0.0 1.0 
Matsu 3.25E+06 2.36E+05 2.36E+05 2.56 0.0 1.0 
Natsui 1.26E+06 2.09E+04 2.77E+04 2.00∞ 0.0 1.0 
Same 1.60E+06 2.21E+04 2.23E+04 2.00∞ 0.0 1.0 
Note that:  *the measured data was monitored by MEXT (2014) 
Mean value at downstream of Abukuma River monitored by Sakaguchi and co-workers (2014) 
∞The general value of rivers in Asain countries (UNEP, 2008). 
Chiba Institute of Technology confirms that there is no content of boggy soil in these catchments. 
The default value of model. 
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(a) Wariki River  
 
Figure 5-3 Estimated points of water sampling and surface deposition (kBq m-2) of 134,137Cs and 131I at (a) Wariki River and (b) Hiso river (kBq 
m-2), these two maps are generated by using ArcGIS® software, ESRI, and produced by DMR and the author. “NM” in (b) means no measurement 
at a site. 
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(b) Hiso River 
 
Figure 5-3 (continued) Estimated points of water sampling and surface deposition (kBq m-2) of 134,137Cs and 131I at (a) Wariki River and (b) Hiso 
river (kBq m-2), these two maps are generated by using ArcGIS® software, ESRI, and produced by DMR and the author. “NM” in (b) means no 
measurement at a site. 
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(a) 
 
Figure 5-4 The surface deposition (kBq m-2) of 134Cs in (a), 137Cs in (b) and 131I in (C) within the catchment area of the Yashiro River, these 
measurement were made on14 June 2011. The maps were created by using ArcGIS® software, ESRI, and produced by DMR and the author. 
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(b) 
 
Figure 5-4 (continued) The surface deposition (kBq m-2) of 134Cs in (a), 137Cs in (b) and 131I in (C) within the catchment area of the Yashiro 
River. These measurements were made on14 June 2011. The maps were created by using ArcGIS® software, ESRI, and produced by DMR and 
the author. 
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(c) 
 
Figure 5-4 (continued) The surface deposition (kBq m-2) of 134Cs in (a), 137Cs in (b) and 131I in (C) within the catchment area of the Yashiro 
River. These measurements were made on14 June 2011. The maps were created by using ArcGIS® software, ESRI, and produced by DMR and 
the author..
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 (a) 
 
Figure 5-5 The surface deposition (kBq m-2) of 134Cs in (a), 137Cs in (b) and 131I in (C) within the catchment area of the Gohyaku River. These 
measurements were made on14 June 2011. The maps were created by using ArcGIS® software, ESRI, and produced by DMR and the author.. 
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(b) 
 
Figure 5-5 (continued) The surface deposition (kBq m-2) of 134Cs in (a), 137Cs in (b) and 131I in (C) within the catchment area of the Gohyaku 
River. These measurements were made on14 June 2011. The maps were created using ArcGIS® software, ESRI, and produced by DMR and the 
author. 
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(c) 
 
Figure 5-5 (continued) The surface deposition (kBq m-2) of 134Cs in (a), 137Cs in (b) and 131I in (C) within the catchment area of the Gohyaku 
River. These measurements were made on14 June 2011. The maps were created using ArcGIS® software, ESRI, and produced by DMR and the 
author. 
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(a) 
 
Figure 5-6 The surface deposition (kBq m-2) of 134Cs in (a), 137Cs in (b) and 131I in (C) within the catchment area of the Sugita River. These 
measurements were made on14 June 2011. The maps were created using ArcGIS® software, ESRI, and produced by DMR and the author. 
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(b) 
 
Figure 5-6 (continued) The surface deposition (kBq m-2) of 134Cs in (a), 137Cs in (b) and 131I in (C) within the catchment area of the Sugita River. 
These measurements were made on14 June 2011. The maps were created using ArcGIS® software, ESRI, and produced by DMR and the author. 
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(c) 
 
Figure 5-6 (continued) The surface deposition (kBq m-2) of 134Cs in (a), 137Cs in (b) and 131I in (C) within catchment area of Sugita River, these 
measurement were monitored on14 June 2011. The maps were created by using ArcGIS® software, ESRI, and produced by DMR and the author. 
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(a) 
 
Figure 5-7 The surface deposition (kBq m-2) of 134Cs in (a), 137Cs in (b) and 131I in (C) within catchment area of Matsu River, these measurement 
were monitored on14 June 2011. The maps were created by using ArcGIS® software, ESRI, and produced by DMR and the author. 
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(b) 
 
Figure 5-7 (continued) The surface deposition (kBq m-2) of 134Cs in (a), 137Cs in (b) and 131I in (C) within catchment area of Matsu River, these 
measurement were monitored on14 June 2011. The maps were created by using ArcGIS® software, ESRI, and produced by DMR and the author. 
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(c) 
 
Figure 5-7 (continued) The surface deposition (kBq m-2) of 134Cs in (a), 137Cs in (b) and 131I in (C) within catchment area of Matsu River, these 
measurement were monitored on14 June 2011. The maps were created by using ArcGIS® software, ESRI, and produced by DMR and the author.
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(a) 
 
Figure 5-8 The surface deposition (kBq m-2) of 134Cs in (a), 137Cs in (b) and 131I in (C) within catchment area of Natsui River, these measurement 
were monitored on14 June 2011. The maps were created by using ArcGIS® software, ESRI, and produced by DMR and the author.  
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(b) 
 
Figure 5-8 (continued) The surface deposition (kBq m-2) of 134Cs in (a), 137Cs in (b) and 131I in (C) within catchment area of Natsui River, these 
measurement were monitored on14 June 2011. The maps were created by using ArcGIS® software, ESRI produced by DMR and the author. 
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(c) 
 
Figure 5-8 (continued) The surface deposition (kBq m-2) of 134Cs in (a), 137Cs in (b) and 131I in (C) within catchment area of Natsui River, these 
measurement were monitored on14 June 2011. The maps were created by using ArcGIS® software, ESRI, and produced by DMR and the author.  
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(a) 
 
Figure 5-9 The surface deposition (kBq m-2) of 134Cs in (a), 137Cs in (b) and 131I in (C) within catchment area of Same River, these measurement 
were monitored on14 June 2011. The maps were created by using ArcGIS® software, ESRI, and produced by DMR and the author.  
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(b) 
 
Figure 5-9 (continued) The surface deposition (kBq m-2) of 134Cs in (a), 137Cs in (b) and 131I in (C) within catchment area of Same River, these 
measurement were monitored on14 June 2011. The maps were created by using ArcGIS® software, ESRI, and produced by DMR and the author.  
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(c) 
 
Figure 5-9 (continued) The surface deposition (kBq m-2) of 134Cs in (a), 137Cs in (b) and 131I in (C) within catchment area of Same River, these 
measurement were monitored on14 June 2011. The maps were created by using ArcGIS® software, ESRI, and produced by DMR and the author. 
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(h) Iitate Lake 
This lake was highly affected by the distribution of atmospheric fallout following the 
Fukushima accident and is situated in an evacuated zone. The location of the Lake is close 
to the Fukushima I NPSs, being around 50 km from the NPSs in the highly contaminated 
area in the northwest region. This lake was a place for leisure activities such as boating, 
fishing and camping, and there was no fishing for commercial purposes. The Japanese 
authorities carried out daily monitoring of the radioactivity concentration of 131I and 
134,137Cs in water (total phase consisting of dissolved and particulate phase) from 18 
March to 1 August 2011. The details of the monitoring are shown Table 5-5. Since the 
radioactivity of all nuclides in MEXT’s monitoring was the total phase, the dissolved 
phase fraction of radiocaesium was estimated by using the information from Wariki and 
Hiso River observed by Ueda at al. (2013). Both rivers are tributaries of Niida River, and 
the sampling points at Wariki and Hiso River were only 6-7 km from Iitate Lake. Iitate 
Lake is the beginning of a tributary of the Wariki River. Therefore, the amount of 
dissolved phase can be estimated by using the Kd and s (Section 2.6.2 (a)) from Wariki 
River. Since the total phase of radiocaesium consists of particulate and dissolved phases, 
this is given by: 
𝑇𝐶𝑠 = 𝑃𝐶𝑠 + 𝐷𝐶𝑠 
Where TCs is Total concentration, PCs in particulate concentration and DCs is dissolved 
concentration of radiocaesium in water, all in units Bq L-1.  
Kd is the radiocaesium distribution coefficient: 
𝐾𝑑 =
𝑃𝐶𝑠 𝑖𝑛 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
𝐷𝐶𝑠
 
PCs in dry weight can be calculated suspended solids concentration (s, mg L
-1) as follow 
𝑃𝐶𝑠 𝑖𝑛 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 =
𝑃𝐶𝑠
𝑠 × 106
 
The constant of 106 is for converting mg L-1 to kg L-1, and from Equation 5-1 to 5-3, the 
amount of dissolved concentration of radiocaesium can be calculated by using: 
5-1 
5-2 
5-3 
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𝐷𝐶𝑠 =
𝑇𝐶𝑠
1 + (𝐾𝑑 × 𝑠 × 106)
 
This research has cooperated with Chiba Institute of Technology, Japan to survey the 
physical environment of Iitate Lake and has monitored the radioactivity concentration in 
water for long term period (Table 5-6). The first survey conducted by the author and his 
colleagues at Chiba Institute of Technology in July 2012 which was dry season (summer). 
The lake average depth (d) was measured to be 2.56 metre from 6 points across the bridge 
which crosses the middle of the river from northeast to southwest as shown in Figure 5-
10 (a) and 5-11. Since there is the dam at the outlet of lake, the water level in the lake 
does not change significantly between the dry season and wet season.  
The potassium concentration in water [K+] is assumed to be equal to the value from 
Wariki River (1.3 mg L-1 = 33.28 µmol L-1) resulting in a value of kf for radiocaesium 
from Equation 2-30 of 4.47 m3 kg-1 y-1 for predatory fish and 15.47 for non-predatory fish.  
From the ArcGIS® software, the lake area of Iitate Lake is 2.3×10-2 km2 while the 
catchment area is 7.5×10-1 km2 as can be seen in detail in Figures 6-1 and 6-2. From the 
figures, we can see that the lake has two main inlets at the north and west, while there is 
one man-made outlet from a dam at the east of lake (the height of dam is about 1 metre 
from the water surface). 
The annual rainfall in Iitate Village (R) is approximately 0.10 m, as reported by the Japan 
Meteorological Agency (JMA, 2012). Therefore, the water residence time (TW) is 
calculated by equation 2.18 to be approximately 0.75 years. Since the water residence 
time is less than a year, we can defines this lake as an open lake (J. T. Smith, et al., 2005) 
in which the short-term dissolved concentration in the lake can be determined by “spike” 
input  while the longer term component is dominated by deposition on the catchment. 
The rate of removal of radiocaesium to the lake bed sediments and outflow (K) of Itate 
Lake is 5.45 y-1 estimated by using Equation 2-22, when water residence time and mean 
depth are known. The value of K for predicting 131I can be calculated by using Equation 
2-23 which gives K = 1.33 y-1. 
The available surface deposition in this area was only one site monitored on 14 June 2011 
by MEXT (2014) as shown in Figure 5-10 (b). However, from Figure 5-11 to 5-14 it can 
5-4 
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be seen that the area of the lake and its catchment is not large, so it is assumed that the 
surface deposition on catchment similar to lake area. Therefore, the one site monitoring 
surface deposition can represent the fallout on both catchment and lake. The corrected 
surface deposition (Bq m-2) to 15 March 2011 at this site were 8.15×105, 8.05×105 and 
5.72×106 Bq m-2 for 134,137Cs and 131I respectively. 
For the fraction of the catchment covered by organic and boggy soils (forg), it is clear from 
visual inspection that there was no evidence of organic and boggy soils in this catchment. 
Figures 5-15-5.17 show that the soils of the catchment are dry and mineral soils.  
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Table 5-5 Radioactivity concentration in freshwater of Iitate Lake, monitored by MEXT 
(2011b). The result is in total phase and dissolved phase was estimated by using Kd and s 
of Wariki River in Equation 5-4. 
Date of 
sampling 
Years 
after 
deposition 
Total phase (Bq m-3) 
 Estimation of 
dissolved phase 
(Bq m-3) 
131I 134Cs 137Cs  134Cs 137Cs 
18/03/2011 0.01 2.09E+06 4.64E+05 5.11E+05  2.62E+04 2.72E+04 
19/03/2011 0.01 2.45E+06 8.62E+05 9.40E+05  4.86E+04 5.00E+04 
20/03/2011 0.01 2.01E+06 4.49E+05 4.37E+05  2.53E+04 2.32E+04 
21/03/2011 0.02 1.72E+06 2.40E+05 2.46E+05  1.35E+04 1.31E+04 
22/03/2011 0.02 1.33E+06 1.73E+05 1.72E+05  9.76E+03 9.14E+03 
23/03/2011 0.02 1.26E+06 1.45E+05 1.45E+05  8.18E+03 7.71E+03 
24/03/2011 0.02 1.33E+06 2.52E+05 2.68E+05  1.42E+04 1.42E+04 
25/03/2011 0.03 1.28E+06 4.81E+05 5.07E+05  2.71E+04 2.70E+04 
26/03/2011 0.03 8.35E+05 1.64E+05 1.62E+05  9.25E+03 8.61E+03 
27/03/2011 0.03 8.28E+05 1.39E+05 1.45E+05  7.84E+03 7.71E+03 
28/03/2011 0.04 8.84E+05 1.62E+05 1.83E+05  9.14E+03 9.73E+03 
29/03/2011 0.04 7.01E+05 1.54E+05 1.58E+05  8.69E+03 8.40E+03 
30/03/2011 0.04 6.29E+05 1.09E+05 1.13E+05  6.15E+03 6.01E+03 
31/03/2011 0.04 6.10E+05 1.50E+05 1.92E+05  8.46E+03 1.02E+04 
01/04/2011 0.05 6.12E+05 1.66E+05 1.92E+05  9.37E+03 1.02E+04 
02/04/2011 0.05 4.65E+05 1.33E+05 1.39E+05  7.51E+03 7.39E+03 
03/04/2011 0.05 3.93E+05 1.10E+05 1.06E+05  6.21E+03 5.63E+03 
04/04/2011 0.05 4.39E+05 8.90E+04 7.50E+04  5.02E+03 3.99E+03 
05/04/2011 0.06 3.57E+05 9.30E+04 8.60E+04  5.25E+03 4.57E+03 
06/04/2011 0.06 3.06E+05 9.20E+04 9.10E+04  5.19E+03 4.84E+03 
07/04/2011 0.06 3.03E+05 2.25E+05 2.68E+05  1.27E+04 1.42E+04 
08/04/2011 0.07 2.90E+05 1.23E+05 1.23E+05  6.94E+03 6.54E+03 
09/04/2011 0.07 3.34E+05 1.10E+05 1.18E+05  6.21E+03 6.27E+03 
10/04/2011 0.07 2.42E+05 1.05E+05 9.47E+04  5.93E+03 5.03E+03 
11/04/2011 0.07 2.02E+05 7.50E+04 7.19E+04  4.23E+03 3.82E+03 
12/04/2011 0.08 2.18E+05 9.20E+04 9.52E+04  5.19E+03 5.06E+03 
13/04/2011 0.08 1.89E+05 7.50E+04 8.45E+04  4.23E+03 4.49E+03 
14/04/2011 0.08 1.79E+05 1.10E+05 1.14E+05  6.21E+03 6.06E+03 
15/04/2011 0.08 1.51E+05 6.40E+04 6.50E+04  3.61E+03 3.46E+03 
16/04/2011 0.09 1.22E+05 5.80E+04 3.80E+04  3.27E+03 2.02E+03 
17/04/2011 0.09 1.09E+05 5.30E+04 5.20E+04  2.99E+03 2.76E+03 
18/04/2011 0.09 1.12E+05 4.00E+04 5.30E+04  2.26E+03 2.82E+03 
19/04/2011 0.10 1.17E+05 9.10E+04 8.87E+04  5.14E+03 4.72E+03 
20/04/2011 0.10 1.09E+05 5.30E+04 4.38E+04  2.99E+03 2.33E+03 
21/04/2011 0.10 8.50E+04 3.98E+04 2.90E+04  2.25E+03 1.54E+03 
22/04/2011 0.10 6.86E+04 4.11E+04 3.99E+04  2.32E+03 2.12E+03 
23/04/2011 0.11 6.58E+04 4.21E+04 5.65E+04  2.38E+03 3.00E+03 
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Table 5-5 (continued) Radioactivity concentration in freshwater of Iitate Lake monitoring 
by MEXT (2011b). The result is in total phase and dissolved phase was estimated by 
using Kd and s of Wariki River in Equation 5-4. 
Date of 
sampling 
Years 
after 
deposition 
Total phase (Bq m-3) 
 Estimation of 
dissolved phase  
(Bq m-3) 
131I 134Cs 137Cs  134Cs 137Cs 
24/04/2011 0.11 6.38E+04 2.79E+04 3.80E+04  1.57E+03 2.02E+03 
25/04/2011 0.11 4.30E+04 4.03E+04 3.21E+04  2.27E+03 1.71E+03 
26/04/2011 0.11 3.66E+04 6.42E+04 5.72E+04  3.62E+03 3.04E+03 
27/04/2011 0.12 4.28E+04 3.29E+04 3.83E+04  1.86E+03 2.04E+03 
28/04/2011 0.12 2.60E+04 2.64E+04 2.67E+04  1.49E+03 1.42E+03 
29/04/2011 0.12 2.63E+04 2.94E+04 3.97E+04  1.66E+03 2.11E+03 
30/04/2011 0.13 3.61E+04 1.18E+05 1.17E+05  6.66E+03 6.22E+03 
01/05/2011 0.13 3.37E+04 2.12E+05 2.04E+05  1.20E+04 1.08E+04 
02/05/2011 0.13 2.67E+04 2.50E+04 2.20E+04  1.41E+03 1.17E+03 
03/05/2011 0.13 1.89E+04 4.41E+04 5.70E+04  2.48E+03 3.03E+03 
04/05/2011 0.14 1.90E+04 1.90E+04 2.90E+04  1.07E+03 1.54E+03 
05/05/2011 0.14 1.78E+04 2.60E+04 2.50E+04  1.47E+03 1.33E+03 
06/05/2011 0.14 1.77E+04 1.90E+04 2.30E+04  1.07E+03 1.22E+03 
07/05/2011 0.15 1.49E+04 6.33E+04 5.64E+04  3.57E+03 3.00E+03 
08/05/2011 0.15 - 8.65E+04 1.02E+05  4.88E+03 5.42E+03 
11/05/2011 0.16 - - -  - - 
12/05/2011 0.16 - - -  - - 
13/05/2011 0.16 - 3.42E+04 4.28E+04  1.93E+03 2.28E+03 
14/05/2011 0.16 6.20E+03 2.10E+04 2.10E+04  1.19E+03 1.12E+03 
16/05/2011 0.17 7.37E+03 2.20E+04 2.60E+04  1.24E+03 1.38E+03 
17/05/2011 0.17 5.81E+03 8.81E+03 1.10E+04  4.97E+02 5.85E+02 
18/05/2011 0.18 - - -  - - 
19/05/2011 0.18 - 1.43E+04 1.93E+04  8.07E+02 1.03E+03 
21/05/2011 0.18 - 3.24E+04 3.89E+04  1.83E+03 2.07E+03 
22/05/2011 0.19 - - 1.47E+04  - 7.81E+02 
23/05/2011 0.19 - - -  - - 
24/05/2011 0.19 - - -  - - 
25/05/2011 0.19 - - -  - - 
26/05/2011 0.20 - - 1.47E+04  - 7.81E+02 
27/05/2011 0.20 - - -  - - 
28/05/2011 0.20 - - 1.86E+04  - 9.89E+02 
29/05/2011 0.21 - 1.97E+04 1.85E+04  1.11E+03 9.83E+02 
30/05/2011 0.21 - 2.04E+04 -  1.15E+03 - 
31/05/2011 0.21 - 5.75E+04 6.96E+04  3.24E+03 3.70E+03 
01/06/2011 0.21 -  -  - - 
02/06/2011 0.22 - 2.75E+04 4.27E+04  1.55E+03 2.27E+03 
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Table 5-5 (continued) Radioactivity concentration in freshwater of Iitate Lake monitoring 
by MEXT (2011b). The result is in total phase and dissolved phase was estimated by 
using Kd and s of Wariki River in Equation 5-4. 
Date of 
sampling 
Years 
after 
deposition 
Total phase (Bq m-3) 
 Estimation of 
dissolved phase  
(Bq m-3) 
131I 134Cs 137Cs  134Cs 137Cs 
03/06/2011 0.22 - - -  - - 
04/06/2011 0.22 - - 1.66E+04  - 8.82E+02 
05/06/2011 0.22 - 4.73E+04 5.04E+04  2.67E+03 2.68E+03 
06/06/2011 0.23 - 2.19E+04 1.87E+04  1.24E+03 9.94E+02 
07/06/2011 0.23 - 7.39E+04 8.71E+04  4.17E+03 4.63E+03 
08/06/2011 0.23 - - -  - - 
09/06/2011 0.24 - - -  - - 
10/06/2011 0.24 - - -  - - 
11/06/2011 0.24 - - -  - - 
12/06/2011 0.24 - - -  - - 
13/06/2011 0.25 - - -  - - 
14/06/2011 0.25 - - -  - - 
15/06/2011 0.25 - - -  - - 
16/06/2011 0.25 - - -  - - 
17/06/2011 0.26 - - -  - - 
18/06/2011 0.26 - - 1.09E+04  - 5.79E+02 
19/06/2011 0.26 - - -  - - 
20/06/2011 0.27 - - -  - - 
21/06/2011 0.27 - - -  - - 
22/06/2011 0.27 - 6.82E+04 9.74E+04  3.85E+03 5.18E+03 
23/06/2011 0.27 - 1.81E+04 1.90E+04  1.02E+03 1.01E+03 
24/06/2011 0.28 - 2.04E+04 2.98E+04  1.15E+03 1.58E+03 
29/06/2011 0.29 - - -  - - 
04/07/2011 0.30 - - 1.22E+04  - 6.49E+02 
08/07/2011 0.31 - 1.80E+04 1.57E+04  1.02E+03 8.35E+02 
11/07/2011 0.32 - - -  - - 
15/07/2011 0.33 - 1.63E+04 -  9.20E+02  
18/07/2011 0.34 - - -  - - 
22/07/2011 0.35 - - 1.31E+04  - 6.96E+02 
25/07/2011 0.36 - - -  - - 
29/07/2011 0.37 - - -  - - 
01/08/2011 0.38 - - -  - - 
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(a) 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
Figure 5-10 Illustration of (a) the satellite map and (b) Topographical map with surface 
deposition (units of all nuclides are in kBq m-2) sampling of Iitate Lake. The maps were 
created by using ArcGIS® software, ESRI, and produced by DMR and the author.  
 
Inlet 1 
Inlet 2 
Dam 
Bridge 
   213 
 
Figure 5-11 The photograph of the bridge at the centre of Iitate Lake 
 
Figure 5-12 The photograph of Inlet 1 of Iitate Lake taken from the centre of the 
bridge. 
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Figure 5-13 The photograph of Inlet 2 of Iitate Lake taken from the centre of the 
bridge. 
 
 
Figure 5-14 The photograph of dam in outlet of Iitate Lake taken from the centre of the 
bridge. 
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Figure 5-15 The Photograph shows the soil at the Inlet 2 of Iitate Lake. The soil type is 
mineral which is similar to the soil around the lake. 
 
 
 
 
 
 
 
 
 
 
Figure 5-16 The Photograph illustrates the characteristics of soils in the catchment of 
Iitate Lake near the bridge at the south side. 
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Figure 5-17 The Photograph illustrates the characteristics of soil in the catchment of Iitate 
Lake near the bridge at the north side. 
Table 5-6 Measurements of dissolved 137Cs (Bq m-3) in lake water at Iitate Lake for long 
term period of measurement following fall out (Chiba Institute of Technology, unpubl. 
res.). 
Date of 
sampling 
Years after 
dissolved phase of 
137Cs 
deposition (Bq m-3) 
31/07/2012 1.38 5.02E+02 
31/07/2012 1.38 3.56E+02 
15/12/2012 1.76 1.61E+02 
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(i) Teganuma Lake 
Around 195 km to the southwest of Fukushima I NPS, in Chiba Prefecture, Teganuma 
Lake  is an important water source for the irrigation water supply for this area and it is 
also used for leisure and fisheries (Inamori, 2010). The mean depth of Teganuma lake is 
just 0.86 m (Inamori, 2010). From ArcGIS® software, the lake area was found to be 5.3 
km2 and the catchment area is 1.10×102 km2. The Japan Meteorological Agency (JMA, 
2012) reports the annual rainfall of 0.14 m for Kashiwa in Chiba Prefecture. 
On the basis of these data, the water residence time (Equation 2-18) is 0.29 y which is 
characteristic of an open lake. The rate of removal of radiocaesium to the lake bed 
sediments and outflow from Equation 2-22 (for the case where TW and d are known) is 
13.69 y-1, and K for 131I (Equation 2-23) is 3.39 y-1. At the time of writing, there were no 
potassium concentration data available for Teganuma Lake. However, assuming the mean 
in Asian countries [K+] = 2.0 mg L-1 = 51.2 µmol L-1 resulting in uptake parameters kf for 
radiocaesium (Equation 2-30) of 2.90 m3 kg-1 y-1 for predatory fish and 10.06 for non-
predatory fish.  
Chiba Institute of Technology collected fish samples for three species and measured the 
radioactivity in these fish as shown in Table 5-7. However, there is currently no available 
measurement of radioactivity concentration in lake water. 
For surface deposition from MEXT (2014) in the catchment and lake area, the 
radicaesium were measured for one site near the centre of the lake (the blue circle in 
Figure 5-18) and the other four sites were distributed in the catchment area (brown 
circles). So, the corrected surface depositions (Bq m-2) were used for the model giving 
5.11×104 and 4.98×104 for 134Cs in the lake and catchment area respectively (Figure 5-18 
(a)), 4.81×104 and 4.78×104 for 137Cs (Figure 5-18 (b)). Since all surface deposition 
measurements at this lake were performed on 1 March 2012, there was no 131I. However, 
Amano and co-workers (2012) collected fallout in Chiba Prefecture on 11 May 2011 
which gave a corrected ratio of 131I to 137Cs of 8.79 resulting in an estimated corrected 
surface deposition of 131I of 4.22×105 for the lake area and 4.21×105 for the catchment. It 
is assumed that the fraction of the catchment covered by organic and boggy soils (forg) is 
zero (Kameda, Y. Chiba Inst. of Technology). 
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Table 5-7 Measurements of 137Cs (Bq kg-1) in fish at Teganuma Lake for the long term 
following fall out (Kameda, Y, unpubl. res.) 
Date of 
sampling 
Years after 
Activity concentration of 
137Cs 
deposition (Bq kg-1) 
Stone Moroko - Pseudorasbora parva 
09/11/2011 0.65 1.15E+02 
17/01/2012 0.84 1.28E+02 
06/03/2012 0.98 1.10E+02 
03/03/2012 0.97 1.71E+02 
14/03/2012 1.00 9.40E+01 
09/04/2012 1.07 1.10E+02 
25/06/2012 1.28 4.50E+01 
20/07/2012 1.35 9.40E+00 
31/08/2012 1.46 1.47E+01 
01/10/2012 1.55 2.15E+01 
 
Gold Fish - Carassius Auratus Langsdorfii 
23/06/2012 1.28 2.40E+02 
28/06/2012 1.29 6.30E+01 
22/08/2012 1.44 3.60E+01 
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(a) 134Cs 
 
Figure 5-18 Illustration of the surface deposition (kBq m-2) on 1 March 2012 of (a) 134Cs and (b) 137Cs in the catchment area of Tegamura Lake. 
The blue circle is assumed to represent the value of fallout on the lake area and the brown circles are the surface deposition into catchment. The 
map was created by using ArcGIS® software, ESRI, and produced by DMR and the author. 
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(b) 137Cs 
 
Figure 5-18 (continued) Illustration of the surface deposition (kBq m-2) on 1 March 2012 of (a) 134Cs and (b) 137Cs in the catchment area of 
Tegamura Lake. The blue circle is assumed to represent the value of fallout onto lake area and the brown circles are the surface deposition into 
catchment. The map was created by using ArcGIS® software, ESRI, and produced by DMR and the author. 
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(j) Kasumigaura Lake 
To the northeast of Teganuma Lake, there is a larger lake, Kasumigaura Lake (at 
approximately 163 km from Fukushima I NPS). Kasumigaura Lake (Inamori, 2010) is 
the second largest lake in Japan and is a valuable water supply for irrigation, domestic, 
and industrial purposes. There are also leisure activities and inland water fisheries at this 
lake. The analysis by ArcGIS® software shows that the lake area is 2.57×102 km2 and 
very large catchment area is 1.71×102 km2.  
The mean depth of Kasumigaura Lake is 4.0 m (Inamori, 2010) and annual net rainfall in 
Ishioka, Ibaraki Prefecture is about 0.04 m (reported by Japan Meteorological Agency 
(JMA, 2012)). The water residence time (Equation 2-18) is 16.64 y so this lake can be 
classified as a closed lake. Therefore, K for 134,137Cs (Equation 2-22) is 13.69 y-1 and 3.91 
y-1 for 131I (Equation 2-23). 
Similarly to other catchments, there is no organic and boggy soils content in the catchment 
of this lake which gives forg = 0. For potassium concentration in water, NIES (2014) had 
collected sample monthly from April 1980 to March 2011 which gives a mean [K+] = 4.1 
mg L-1 = 104.84 µmol L-1. As a result, kf values for radiocaesium (Equation 2-30) are 1.42 
m3 kg-1 y-1 for predatory fish and 4.91 for non-predatory fish.  
The available surface depositions into the lake following the Fukushima accident are 
shown in Figure 5-19. Similarly to Teganuma Lake, measurements of radiocaesium were 
conducted on 12 March 2012 without 131I measurement. The decay corrected mean 
surface deposition (to 15 March 2011) around the lake (blue circles) were 2.19×104 and 
2.01×104 Bq m-2 for 134,137Cs and 1.77×105 Bq m-2 for 131I (using corrected 131I/137Cs = 
8.79 from Amano et al. (2012) to estimate corrected surface depositions of 131I into the 
lake). 
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(a) 134Cs 
 
Figure 5-19 Illustration of the surface deposition (kBq m-2) on 1 March 2012 of (a) 134Cs and (b) 137Cs in the catchment area of Kasumigaura 
Lake. The blue circles are assumed to represent the fallout onto the lake area and the brown circles are the surface deposition into the catchment. 
The map was created by using ArcGIS® software, ESRI, and produced by DMR and the author.  
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(b) 137Cs 
 
Figure 5-19 (continued) Illustration the surface deposition (kBq m-2) on 1 March 2012 of (a) 134Cs and (b) 137Cs in the catchment area of 
Kasumigaura Lake. The blue circles are assumed to represent the value into lake area and the brown circles are the surface deposition into 
catchment. The map was created by using ArcGIS® software, ESRI, and produced by DMR and the author.  
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Table 5-8 Summary of input parameters for all lakes. 
Lake 
 
 
Depth 
(m) 
Water 
residence 
time 
(y) 
 
Mean surface deposition* (Bq m-2) 
 
Potassium 
concentration 
(mg L-1) 
fraction of 
the 
catchment 
covering by 
organic, 
boggy soils 
(forg) 
 
Wet 
weight 
of fish 
(kg) 
Lake area  Catchment area 
131I 134Cs 137Cs  131I 134Cs 137Cs 
Iitate 2.56 0.75 5.72E+06 8.15E+05 8.05E+05  5.72E+06 8.15E+05 8.05E+05 1.3 0.0 1.0 
Teganuma 0.86 0.29 4.22E+05 5.11E+04 4.81E+04  4.21E+05 4.98E+04 4.78E+04 2.00∞ 0.0 1.0 
Kasumigaura 4.00 16.64 1.77E+05 2.19E+04 2.01E+04  1.70E+05 2.11E+04 1.93E+04 2.90τ 0.0 1.0 
Note that: *The measured data of radiocaesium was monitored by MEXT (2014). 
Water residence time for all types of lakes can be estimated by using Equation 2-18. 
 The corrected surface deposition of  131I of these two sites were estimated by using corrected ratio (on 15 March 2011) of near-area at Chiba 
Prefecture measured by Amano and co-workers (2012). 
The value from measurement at Wariki River (Ueda, et al., 2013) which Iitate Lake is a branch of Wariki River. 
∞The general value in Asain countries (UNEP, 2008). 
τThe average of measurement data during 25 April 1980 - 9 March 2011 measured by NIES (2014). 
Chiba Institute of Technology confirms that there is no content of boggy soil. 
The default value of the model. 
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5.2.3 Verification and adjustment of the model for Fukushima accident 
The empirical parameters in AQUASCOPE (which were summarised in Tables 2-5 and 
2-6) were from observation of rivers and lakes in European countries following nuclear 
weapons testing and the Chernobyl accident. To use these parameters for prediction of 
contamination in water and fish in rivers and lakes following the Fukushima accident, it 
is necessary to verify the model results against available field measurement data. An 
adjustment of model parameter values and investigation of any differences might be 
considered if there is a significant difference in radionuclide transport in Japanese 
freshwater systems compared to European.   
Note that there was a mistake in which the wrong value of Y=291 for predatory fish was 
used in the Microsoft Excel file (CSmaster1.xls) provided in Smith et al. (2005) for using 
model to calculate contamination: the correct value of Y is 462 and is used in this research. 
(a) Verification of the model 
Figure 5-20 illustrates the results of blind testing of AQUASCOPE using all empirically 
determined parameters observed from the European catchments to predict concentration 
of radiocaesium in four rivers and one open lake. Model validation was carried out where 
continuous measurement data is available to compare the change of concentration with 
time. It clear from Figure 5-20 that the results of the model are over estimates for all rivers 
and lakes. The results of AQUASCOPE for 137Cs at Waraki, and Hiso River (both are in 
the NW area of high contamination) were significantly greater than measured data by 
about a factor of five for both rivers (the dashed lines in all graphs are upper and lower 
error of a factor of five). In the Natsui and Same River in the southerly direction of the 
NPSs, both results of 134Cs and 137Cs vary over the time of measurement. Although the 
variations were still within a factor of five of model, in both cases the activity 
concentrations are over-estimated. In the case of Iitate Lake, defined as an open lake, the 
trends of radiocaesium model predictions were again greater than measurements by 
approximately a factor of five  in the first month after deposition, then the differences 
increased to around six or seven times of the measured values. For the measured data in 
the longer-term period (1.38 and 1.75 years after deposition) the difference between 
model and measured data was again about five times. 
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Figure 5-20 The blind prediction from AQUASCOPE by using all empirically 
determined parameters from rivers and lakes in Europe after Chernobyl. 
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Figure 5-21 Illustrates the comparison the normalized concentration in river per unit of surface deposition between eight rivers in Japan following 
Fukushima accident and twelve rivers in Europe following the Chernobyl accident. 
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Overall, the results of the model using empirically determined parameters from previous 
studies at European rivers and lakes were greater than measured data approximately by a 
factor of five, but the changes with time of radioactivity concentrations from model 
decreased similarly with measurements. Figure 5-21, shows the variation of the 
normalized radioactivity concentration in rivers per unit of surface deposition (the runoff 
coefficient) of the long-lived nuclide 137Cs from eight rivers in Japan in comparison with 
twelve rivers in European countries. As discussed above, the measurements following the 
Fukushima accident are consistently less than the  range in values seen after Chernobyl 
(generated by Smith et al. (2004)). This shows that the mobility of 137Cs transferred from 
catchments to rivers in Japan was less than European countries, but that during the first 
years after Fukushima, the time trend was similar. A possible explanation for this is that 
the absorption of 137Cs in soil of catchments in Japan is stronger than in catchments in 
European countries.  
For radiocesium in soils having high clay mineral content, 137Cs is highly absorbed by 
“Frayed Edge Sites” (FES) on the illitic clay fraction (Cremers, Elsen, Preter, & Maes, 
1988; Kato, et al., 2012; Valcke & Cremers, 1994) while the soils containing a highly 
organic peat bog soils have low absorption (Hansen & Aarkrog, 1990; Hilton, et al., 1993; 
J. T. Smith, Howard, et al., 1998). Therefore, the concentration of radiocaesium in runoff 
water has an inverse relation with the amount of content of clay in catchment soil.  
Following Chernobyl, runoff of radiocaesium in dissolved phase was highest in 
catchments covered by a high fraction of organic and boggy soils (Hilton, et al., 1993; 
Kudelsky, Smith, Ovsiannikova, & Hilton, 1996; J. T. Smith, et al., 2004). Fujiwara and 
co-workers (2012) collected fifty soil sample within 60 km around Fukushima I NPSs  (N 
to S) and found that the absorption of 137Cs in soil samples were very high due to the high 
clay content in soil. A similar result was observed by Tanaka  and co-workers (Tanaka, 
et al., 2012) who collected two samples in NW about 65 km from NPSs and one sample 
in 55-km area in west direction. 
Analysis of the soil type map (Hashimoto, Ugawa, Nanko, & Shichi, 2012) for this part 
of Japan (Figure  5-22) shows that there is no peaty soil around the near zone of 
Fukushima I NPSs resulting no high concentration in river water from this area. This Map 
also shows that most types of soils around Fukushima I NPSs are Brown forest soils 
(Cambisols: in the classification of the Food and Agriculture Organization and Andosols: 
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soils found in volcanic areas) and Black soils (Andosols). So it can be assumed that the 
soils in  this area are of similar type to those in which Fujiwara and co-workers (2012) 
and Tanaka and co-workers (2012) observed the high absorption of radiocaesium. 
 
 
Figure 5-22 Map of soil type around Fukushima I NPSs, the red diamond is the site of 
the NPSs and the red line is the highly contaminated area, B is Brown forest soils, Bl is 
Black soils, Dr is Dark red soils, G is Gley soils, P is Podzolic soils, Pt is Peaty soils, Im 
is Immature soils, RY is Red and Yellow soils, RK is Rock and debris, and NI is not 
classified. 
For Kd of radiocasium, Table 5-10 shows the comparison of Kd between European rivers 
and lakes and in rivers in the near-zone of Fukushima I NPSs. Apparently, rivers in the 
near-zone of Fukushima I NPSs had higher Kd values than European rivers and lakes by 
an order of magnitude at least. Since Kd is the proportion of particulate to dissolved phase, 
significantly high attachment of radiocasium to soil particles results in a high Kd. This 
seems to confirm recent findings (Alexie Konoplev, Fukushima University, pers. comm.) 
that the absorption of radiocaesium in Japanese soil is stronger than soil in European 
catchments. In addition, all rivers studied in this research are in the same area at the near-
zone of NPSs which has the same type of soil (soil in volcanic area (Hashimoto, et al., 
2012)) so that Kd values were similar to each other (range (1.5-5.5)×10
5 L kg-1 for 137Cs, 
except Abukuma River: range (1.2-27.0)×105 L kg-1. 
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Table 5-9 Comparison of Kd between in European rivers and lakes and in rivers in near-zone 
of Fukushima I NPSs. 
Nuclide 
Kd 
(L kg-1) 
River Reference 
Chernobyl 
134,137Cs 50 – (8×104) a IAEA (1994) 
 2 × 104 b Coughtrey and Thorne (1983) 
 (3.7-9.4) × 104 b Konoplev et al.(1992) 
 (4.6-270) × 104 c Konoplev et al. (2002) 
 (0.8-42) × 104 e Smith and Beresford (2005a) 
Cs 370 – (19 × 104) a IAEA (2009) 
    
Fukushima    
134Cs 3.9 × 105 Wariki review from Ueda et al. (2013) in Table 5-1 
 1.4 × 105 Hiso review from Ueda et al. (2013) in Table 5-1 
 (1.3-25.0) × 105 Abukuma Ishikawa et al. (2014) 
    
137Cs 4.2 × 105 Wariki review from Ueda et al. (2013) in Table 5-1 
 1.5 × 105 Hiso review from Ueda et al. (2013) in Table 5-1 
 (4.3-5.5) × 105 Natsui Nagao et al. (2013) 
 (4.1-5.0) × 105 Same Nagao et al. (2013) 
 (1.2-27.0) × 105 Abukuma Ishikawa et al. (2014) 
 
Note that: aData base from various rivers and lakes in EU. 
bNot available 
cMeasurement data Lake Constance in Germany, Lake Lugano in Switzerland 
and Lake Vorsee in Germany. 
dMeasurement data from 18 rivers and lakes in EU. 
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(b) Calibration of the model for Fukushima conditions 
Since the results of 137Cs concentrations in Japanese rivers calculated by AQUASCOPE 
are overestimated but the changes with time appear to be similar, the model can be 
adjusted for stronger absorption of radiocaesium to soils to improve model predictions. 
An empirical parameter, B (dimensionless), will be used to represent the fraction to reduce 
the overestimated radioactivity concentration of radiocaesium. This parameter is 
evaluated by fitting the measured data from five rivers (the red circles in Figure 5-23) 
against the results from AQUASCOPE. Then, using a “Blind test” approach, the 
predictions of radioactivity concentration from the improved model (that includes the 
correction using the B parameter) can be compared with measured data from the other 
three rivers (blue squares in Figure 5-23). 
 
Figure 5-23 The map illustrates the position of five rivers in red circles (sampling point 
of each river) to evaluate the correction parameter B and three rivers in blue squares for 
model blind test.  
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Therefore, Equation 2-10, which is used to determine the radioactivity concentration of 
radiocaesium in river water as a function of time can be rewritten as: 
𝐶𝑅 = 𝐵 × 𝐷𝐶(𝛼𝑒
−(𝑘1+𝜆)𝑡 + 𝛽𝑒−(𝑘2+𝜆)𝑡 + 𝛾𝑒−(𝑘3+𝜆)𝑡) 
Where B is the parameter to adjust the overestimated prediction of AQUASCOPE due to 
the combination of the high absorption of high clay content and no peaty content in 
Japanese soils. The B parameter was fitted to the data at five rivers by using Microsoft 
Excel (2013), giving B = 0.189. Figure 5-24 illustrates the comparison of the results from 
modelled and measured data before and after applying B parameter for adjustment the 
overestimated results of model. The adjusted calculation shows good agreement between 
prediction and measured data for all five rivers. Before adjustment, all predictions from 
the model were overestimated approximately by factors of five (some prediction from 
Wariki and a measurement from Sugita were greater than factors of five). After applying 
the B parameter, there was excellent agreement between model and measurement from 
Matsu, Sugita and Yashiro River including estimated middle values of all measurements 
from Wariki and Natsui River, and all predictions are within the error range in the model. 
Since radioactivity concentration in open lakes are influenced by radioactivity on its 
surface and catchment (runoff water), B parameter was also applied as a correction in 
Equation 2-24 to adjust the overestimation by high absorption. Similar to the calculation 
for river, the B parameter can be applied for adjustment directly to the open lake 
calculation (Equation 2-16), and the radioactivity concentration change with time of 
radiocaesium in open lakes in Japan can be estimated by 
 































)
3
/1(
)
/
3(
)
2
/1(
)
/
2(
)
1
(
)1(
k
W
T
W
Tt
e
tk
e
k
w
T
W
Tt
e
tk
e
kK
Kt
e
tk
e
W
T
te
c
D 

 
For closed lakes, the contamination by radiocaesium depends on the direct fallout onto 
surface of lake only so there is no influence of the fixation process on catchment soils so 
that the B parameter is not involved in the calculation. In addition, there is a lack of 
measured data of closed lakes in Japan following the accident therefore calibration of the 
AQUASCOPE model was not performed in this research. 
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For estimating radiocaesium in fish in rivers and open lakes, the B parameter is also 
applied, therefore, the adjusted equation for radiocaesium concentration in fish for rivers 
is: 
                  𝐶𝑓  = 𝐵 × {𝐷𝑐 × 𝑒
−𝜆𝑡 × 𝑤𝑛
× [
𝑘𝑓 × 𝛼
𝑘𝑏 − 𝑘1
× (𝑒−𝑘1𝑡 − 𝑒−𝑘𝑏𝑡) +
𝑘𝑓𝛽
𝑘𝑏 − 𝑘2
× (𝑒−𝑘2𝑡 − 𝑒−𝑘𝑏𝑡)                                
+
𝑘𝑓𝛾
𝑘𝑏 − 𝑘3
× (𝑒−𝑘3𝑡 − 𝑒−𝑘𝑏𝑡)]} 
In open lakes, the radiocaesium concentration is fish can be estimated by using 
                   𝐶𝑓 = 𝐵 × {𝑤
𝑛 [(𝑘𝑓 × 𝐷𝐿
𝑒−𝐾𝑡 − 𝑒𝑘𝑏𝑡
(𝑘𝑏 − 𝐾)𝑑
)                                                                                                 
+ 𝐷𝐶𝛼 ×
𝑘𝑓𝑒
−𝜆𝑡
𝑇𝑊 × (𝐾 − 𝑘1)
× (
𝑒−𝑘1𝑡 − 𝑒−𝑘𝑏𝑡
𝑘𝑏 − 𝑘1
− 
𝑒−𝐾𝑡 − 𝑒−𝑘𝑏𝑡
𝑘𝑏 − 𝐾
)                                         
+ 𝐷𝑐𝛽 ×
𝑘𝑓𝑒
−𝜆𝑡
𝑇𝑊 × (
1
𝑇𝑊
− 𝑘2)
× (
𝑒−𝑘2𝑡 − 𝑒−𝑘𝑏𝑡
𝑘𝑏 − 𝑘2
−
𝑒
−
𝑡
𝑇𝑊 − 𝑒−𝑘𝑏𝑡
𝑘𝑏 −
1
𝑇𝑊
)                                        
+ 𝐷𝐶𝛾 ×
𝑘𝑓𝑒
−𝜆𝑡
𝑇𝑊 × (
1
𝑇𝑊
− 𝑘3)
× (
𝑒−𝑘3𝑡 − 𝑒−𝑘𝑏𝑡
𝑘𝑏 − 𝑘3
−
𝑒
−
𝑡
𝑇𝑊 − 𝑒−𝑘𝑏𝑡
𝑘𝑏 −
1
𝑇𝑊
)]} 
The blind test of radioactivity concentration of radiocaesium in open lake water can be 
performed at Iitate Lake to evaluate the results of adjusted modelling, while the prediction 
of radiocaesium in non-predatory fish for open lakes can be evaluated in Teganuma Lake. 
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Figure 5-24 Comparison of the results from AQUASCOPE and measured data before and after applying B parameter for adjustment of the model. 
Dotted lines show a factor of five over- and under-estimation. 
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5.3 Results of the model 
5.3.1 Results for river modelling 
Figure 5-25 illustrates the results of blind test, after applying the correction parameter for 
modelling radiocaesium in three rivers (Hiso, Gohyaku and Same as shown in Figure 5-
23) whose measured data were not used to determine the B parameter. The results of the 
adjusted model are good agreements with measured data, and the error range of a factor 
of five(Smith et al. (2005)) covers the variation in all measured data. This confirms that 
the value of empirical B parameter for adjustment of AQUASCOPE is effective to predict 
radioactivity concentration of radiocaesium in Japanese aquatic systems.  
 Predictions in all eight rivers are shown in Figure 5-26 (a) and (b): showing excellent 
agreement with measured data for the period up to 1.5 years after fallout.  
For 131I concentration in rivers, there are no measurements for comparison with models, 
however, the model estimates of the contamination in all eight rivers as shown in Figure 
5-26 (c). Similarly to 131I in river water, there were no available measurements for 
comparing with predictions of  134,137Cs  in predatory fish in Figure D-1 (a) and (b) and 
in non-predatory D-2 (a) and (b) respectively, and 131I in fish (no difference between 
predatory and non-predatory) in Figure D-3.  
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Figure 5-25 ”Blind test” of radiocaesium in three rivers around near-zone of Fukushima 
I NPSs. 
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 Figure 5-26 Predictions of concentration (Bq m-3) in water at all eight rivers around 
Fukushima I NPSs,  (a) 137Cs, (b) 134Cs and (c) 131I. 
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Figure 5-26 (continued) Predictions of concentration (Bq m-3) in water at all eight rivers 
around Fukushima I NPSs, (a) 137Cs, (b) 134Cs and (c) 131I. 
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Figure 5-26 (continued) Predictions of concentration (Bq m-3) in water at all eight rivers 
around Fukushima I NPSs, (a) 137Cs, (b) 134Cs and (c) 131I.  
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5.3.2 Results of lake modelling 
For open lakes, in which radiocaesium is influenced by surface deposition on to both 
catchment and lake surface, the adjustment parameter B is taken into account for 
prediction of radiocaesium, while prediction of 131I uses all of the same parameters as in 
the original AQUASCOPE model. After the Fukushima accident, there has been a lack 
of measured data of contamination in water and fish for model testing in open and closed 
lakes. Measurements of 131I and 134,137Cs in water are available at Iitate Lake and 137Cs in 
non-predatory fish data are available for Teganuma Lake.  
For 131I and 134,137Cs in open lakes, the blind test was carried out at Iitate Lake using initial 
measurements by MEXT (2011b) and long-term of 137Cs  measured by this research. 
Dissolved radiocaesium can be subtracted from total phase by using Kd from the Wariki 
River as discussed above in 5.2.1.(j) However, there were no literature measurements for 
estimating dissolved 131I following the accident but the  distribution coefficient (Kd, L kg-
1) (which is the radioacitivity per kg of solid matter divided by the activity per dcubic 
metre of water) can be used to estimate dissolved 131I in lake water. From previous studies 
in Table 5-10 (IAEA (1994, 2009) summarized from available literature) shows that the 
Kd of I is  lower than Cs by an order of magnitude or more. This means that the percentage 
of dissolved form of I is likely to be significantly higher than Cs.  
Table 5-10 Comparison of Kd values between 
131I and 134,137Cs 
Nuclide or element Kd (L kg-1) Source 
131I 0-80 IAEA (1994) 
I 58-3.4×105 IAEA (2009) 
   
134,137Cs 50-8×104 IAEA (1994) 
Cs 3.7×102-1.9×105 IAEA (2009) 
 
Since the ranges of Kd of both nuclides are very large, it is not sensible to use mean values 
to estimate the proportion of dissolved 131I. In the worst case scenario, for the highest 
uptake of 131I to aquatic organismsit is assumed that all of the 131I in the lake is in the 
dissolved form (as seen in Table 5-10, the lower bound of Kd of 
131I from IAEA (1994) 
was 0, or all of 131I in the dissolved phase). Therefore, the blind test of 131I concentration 
in water at Iitate Lake assumes that the total phase is equal to the dissolved phase. 
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The blind test of radioactivity concentration of 131I and 134,137Cs by using the adjusted 
AQUASCOPE model at Iitate Lake shows that the model has good agreement with 
measured data for all nuclides. The model has an excellent prediction for 131I (Figure 5-
27 (a)), however, the estimation of dissolved 131I is still in question. For radiocaesium, 
(Figure 5-27 (b) and (c)) similar to the blind test in rivers, there were slight differences in 
prediction when the decline of radioactivity concentration in water was dominated by the 
initial rapid fixation process (up to around 0.1-0.3 years after deposition). The adjusted 
AQUASCOPE model gives excellent predictions for 137Cs in the longer-term period at 
1.4 and 1.8 years after deposition, as shown in detail in Figure 5-27 (c). This also confirms 
that the B parameter can be applied for predictions at any rivers and open lakes outside 
the near-zone of Fukushima I NPSs. Prediction of uptake into fish for Iitata Lake is shown 
in Figure D-4 in Appendix D. 
The adjusted AQUASCOPE model was also tested against measurements of radioactivity 
concentration of 137Cs in non-predatory fish at Teganuma Lake where the measurd data 
of Stone Moroko (Pseudorasbora parva) and Gold Fish (Carassius Auratus Langsdorfii) 
were available during 0.65 -1.55 years after deposition. Figure 5-28 illustrates the results 
from both species: most measured data varied within the error of the model. During 0.65-
1.44 years after deposition, the trend of radiocaesium concentrations was underestimated 
for both species; after that, the prediction of Stone Moroko was overestimated (no 
measured data for Gold Fish). All prediction of radioactivity concentration in lake water 
and fish are shown in Figure D-5 in Appendix D. 
There were no measurement data available for testing the model on closed lakes. Lake 
Kasumigaura, however, had the required parameter data for prediction by AQUASCOPE: 
and the results of the model are provided in Figure D-6, Appendix D. 
 
 
   242 
(a) 131I in water at Iitate Lake 
 
(b) 134Cs in water at Iitate Lake 
 
(c) 137Cs in water at Iitate Lake 
 
Figure 5-27 Results of the model of radioactivity concentration in lake water at Iitate 
Lake compared with available measured data from MEXT (2011b) and this research.
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Figure 5-28 Results of radioactivity concentration of 137Cs in fish at Teganuma Lake   
compared with available measured data from this research. The 100 Bq kg-1 limit for 
consumption of fish in Japan is also shown. 
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5.4 Conclusion 
In contrast with the contamination of rivers following the Chernobyl accident, the 
normalized concentration in river per unit of surface deposition for radiocaesium in 
Japanese rivers show significantly lower transfer from the catchment. This is because the 
soil in Japanese catchments have strong absorption of radiocaesium: the combination of 
high clay contents and no peat or boggy contents in catchment soils supports this 
hypothesis since the clay soil has high ‘fixation’ of radiocaesium while peat or boggy soil 
has the opposite property. Therefore, to apply AQUASCOPE to predict the changes with 
time of radiocaesium in rivers and open lakes required the calibration of the model to 
achieve an accurate. A correction factor, the B parameter, of approximately a factor of 
five, was applied to reduce the over estimation resulting from the combination of the high 
absorption of high clay content and no peaty content in Japanese soils.  
The adjusted model showed excellent predictions of radiocaesium in rivers and open lakes 
during the period up to 1.5 years after fallout. There are slight differences of prediction 
in the initial phase when the removal of radiocaesium was dominated by a rapid fixation 
process in the catchment but the error of a factor of five still covered most of the measured 
data. For short-lived 131I, the original AQUASCOPE model could be used for prediction. 
The blind test showed generally good prediction of 131I in the initial phase (by assuming 
that the dissolved form equalled the total phase). With limited data for fish modelling, 
only predictions of 137Cs concentration in two non-predatory fish at one open lake could 
be performed. However, the results showed that the model was mostly in agreement with 
measured data. It can be assumed that the prediction of radiocaesium in water and fish 
for closed lakes by the original AQUASCOPE model is acceptable since the 
contamination in closed lakes is not influenced by the contamination in the catchment. 
It can be concluded that the adjusted AQUASCOPE model is sufficient to predict 
contamination of radiocaesium in water and fish (both predatory and non-predatory) for 
rivers and open lakes. The original AQUASCOPE model gave good estimates 
contamination of radiocaesium in water and both fish types and for 131I in closed lake 
water. There were no available data for testing the model for 131I in rivers and closed 
lakes. 
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For closed lake modelling, there was no influence from deposited soil (radiocaesium) in 
catchment to lakes in Europe (Section 2.6.3) because there was little water inflow and 
outflow resulting in negligible radiocaesium transferred to and out of closed lakes. 
However, the strong absorption of radiocaesium for Japanese soil might influence the 
mobility of radiocaesium from catchment to closed lake, the amount of radiocaesium in 
runoff may be significant even though the amount of runoff is little. Since there is no 
measurement data from closed lakes in Japan, this research cannot evaluate this 
hypothesis. 
On April 2012, new limits for radionuclide contamination in foods were enforced by the 
Ministry of Health, Labour and Welfare of Japan (MHLW, 2012). The new limit values 
for radioactive caesium are 10 Bg kg-1 (104 Bq m-3) for drinking water and 100 Bq kg-1 
for general foodstuffs including fish. Since Teganuma and Kasumigaura Lake are 
resources for water supply and theses lakes (Inamori, 2010) plus Iitate Lake are used for 
fisheries. The adjusted AQUASCOPE model can make long-term predictions of 
radiocaesium contamination in these systems which can estimate the approximate time 
when water use and fish consumption will be below the limit in these rivers and lakes. 
The model upper error band of a factor of five can be used to estimate the maximum time 
before each aquatic system will be below the contamination limit. Figure 5-29 shows total 
radiocaesium (combination of 134Cs and 137Cs) in (a) Teganuma and (b) Kasumigaura 
Lake. Teganuma Lake had higher contamination resulting from higher surface deposition 
than Kasumigaura Lake by about a factor of two. In Teganuma Lake (an open lake) water 
lake could be consumed approximately three months after deposition, while it took a 
longer period, around 10 months, in Kasumigaura Lake. Although deposition in 
catchment and lake surface of Teganuma Lake was higher than lake surface of 
Kasumigaura Lake, the removal rate of radiocasium of this closed lake was significantly 
less than in the open Teganuma lake: Kasumigaura Lake has a very long water residence 
time :   Tw = 16.64 years. 
For total radiocaesium in fish, in Hiso River which has is the highest contamination, it 
could take more than 50 and 15 years (Figure 5-30 (a) and (b)) for safe consumption of 
predatory and non-predatory fish respectively. In Iitate Lake where the contamination is 
similar to the Hiso River (surface deposition on catchment were 8.05×105 and 9.15×105 
Bq m-2 for 134Cs and 137Cs respectively), the period before safe consumption of fish is 
   246 
longer than the Hiso River due to the fact that the removal rate of radiocaesium of river 
is faster than open lake, being up to 60 and 20 years for predatory and non-predatory fish 
respectively (Figure 5-30 (c) and (d)). Since deposition in Teganuma Lake is less than 
Iitate Lake by about one magnitude, fish in this lake will be available for consumption 
sooner than Iitate Lake, around 13 and 3 years for predatory and non-predatory 
respectively (Figure 5-30 (e) and (f)). In the closed lake, Kasumigaura Lake, where 
deposition was also lower than Iitate Lake by about one order of magnitude time before 
safe consumption of fish is potentially very long: up to 90 years for predatory fish and 40 
years for non-predatory fish as shown detail in Figure 5-30 (g) and (h). 
These predictions of the AQUASCOPE model for rivers and lakes in Japan are potentially 
very useful to help the Japanese authorities to estimate the time for safe consumption of 
water and fish in contaminated rivers and lakes in the contaminated areas. 
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Figure 5-29 Results from model of radioactivity concentration of total radioactive 
caesium in at Teganuma and Kasigaura Lake where are water supply resources. 
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Figure 5-30 Results from model of radioactivity concentration of total radioactive 
caesium in fish at Hiso River, and Iitate, Teganuma and Kasigaura for determining the 
safe period of fish consumption.  
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Chapter 6 General Conclusions 
The explosions at the four reactors of the Fukushima Dai-ichi (I) Nuclear Power Stations 
(Fukushima I NPSs) in Japan released a large radioactive cloud into the atmosphere. 
Consequently, there were two highly contaminated plumes released from Fukushima I 
NPSs, the North-Western on 15 March 2011 and Southern plume on 21 March 2011. 
These releases led to large-scale radioactive contamination in air which was transported 
around the World. The emphasis of this study was the area in the near-zone of the NPSs 
where soil and aquatic ecosystems were affected by high deposition and particularly high 
external gamma dose rates in areas influenced by the North-Western plume. Due to the 
lack of measurements in three major ecosystem compartments i.e. air, soil and river water, 
understanding and highest impact early-phase period after high fall out and the 
interpretation of long-term impacts were limited and unclear. Three model based analyses 
carried out in this research helps understanding of the transfer of contaminated nuclides, 
and the reconstruct of the environmental contamination and irradiation of humans in the 
early-phase. The developed models for aquatic systems also allow prediction of long-term 
contamination in the future. 
Isotopic Ratio  
The method of studying decay-corrected ratios of radioisotopes to the long-lived nuclide 
137Cs is an effective and simple method to estimate concentrations of other key 
radionuclides in areas where measurements of these nuclides, in particular very short-
lived nuclides 131I and 132Te, are not available.  
This analysis of isotope ratios found that the ratios of 134,136Cs and 132Te to 137Cs are 
relatively constant with distance and direction in both contaminated air and soil. The 
lowest variability is for the ratios of radiocaesium isotopes as these three nuclides are 
isotope of same element and behave in the same way in the environment, even though the 
mechanism of production in the reactor is different (136,137Cs is fission product and 134Cs 
is activation product). 132Te/137Cs has slightly higher variability than the radiocaesium 
ratio resulting from a lack of measured data due to its very short half-life, combined with 
the slightly different behaviour from different elements of similar size and type. Corrected 
ratios of these three nuclides were similar between air around the World and in soil within 
the near-zone. The general ratio for 136Cs:137Cs is 0.2, 0.9-1.0 is for 134Cs:137Cs, and 
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mean of ratio of both highly volatile elements 132Te and 137Cs is approximately 17-22. 
The ratio of 132Te:137Cs is very useful for investigation back to initial times when this 
nuclide dominated external gamma dose since the measurement of this nuclide was very 
rare: there were no measurements in the main monitoring in the near-zone around the 
NPPs.  
In contrast with these three consistent ratios, the 131I:137Cs ratio is not constant with 
direction and distance, and it is not constant with time at particular monitoring sites while 
other key nuclides were relatively constant. The best hypothesis is that the release amount 
of 131I depends on the temperature in the reactor core (high temperature releases high 
amounts (Mück, et al., 2002)). To prove this hypothesis, the time-line information of 
temperature at reactor cores of Unit 1-3 are required. The Worldwide ratio of 131I:137Cs in 
air had remarkably high variation which might be not accurate for estimating 
contamination by iodine, with mean = 73.1 and range 12-290 for 131I:137Cs particulate, 
mean = 269 and range 78-853 for the ratio of gaseous 131I to particulate 137Cs, mean = 
253 .12 and range 50.91-597.15 for gross 131I to particulate 137Cs, and the mean gaseous 
fraction of 131I was 80.4% and range 49.2-93.4%.  
 
For the deposited ratio in the near-zone area, the ratio of the highly contaminated area in 
NW had inverse correlation with activity concentration of 137Cs. This correlation is very 
useful to estimate the contamination of 131I at this key region, and after testing in the 
gamma dose rate model invented by this research it is shown that it can estimate reliable 
values of the ratios in the N and W since the results of the model also agree with measured 
data in these areas. There are no measurements of both gamma dose and deposition at the 
same time in the SW area for model testing, but the deposited ratio was similar to the 
ratio from the N to W directions.  
From Figure 2-1, it was found that the behaviour of deposition of 131I was similar to 
129mTe, only these two nuclides were deposited in significant amounts in south direction 
and the highest corrected ratios of both also occurred in this direction. Therefore, further 
study about the corrected ratio of 131I to 129mTe around Fukushima I NPSs (both ambient 
and deposited ratio) might be useful for evaluating the transfers of these nuclides 
following the Fukushima accident. 
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Early-phase external dose reconstruction at near-zone  
The prediction of external gamma dose rate at 1 metre above contaminated soil in the area 
from north to west of Fukushima I NPSs can be simply determined by using an empirical 
constant A to convert gamma energy (MeV) emitted from all key radionuclides in soil to 
external gamma dose rate in air (µSv h-1). The model only requires 137Cs activity as an 
input parameter while all other parameters are constants. These include total gamma 
decay energy of each nuclide, mean corrected ratio of 32Te and 134,136Cs to 137Cs as 
observed in soil at near-zone plus estimated ratio of 131I to 137Cs calculated by the inverse 
correlation to 137Cs activity. The empirically-determined constant A was evaluated from 
six calibration sites at the highest contaminated area to the Northwest, however, model 
predictions are generally in good agreement with measured data for sites located other 
directions i.e. North and West. Poor predictions in the southern area are due to a 
remarkably high ratio 131I/137Cs influenced by the southern plume on 21 March. The main 
uncertainty of the model is shown by Monte Carlo simulation to be the A parameter and 
137Cs concentration. 
For the southern area, the external gamma dose could be estimated by further 
investigation of the A parameter and of the high 131I to low 137Cs ratio for the specific area 
affected by the southern plume. Long-lived 137Cs is still in the surface of soil due to its 
strong absorption: Kato and co-workers (2012) observed that greater than 86% of 137Cs 
is still present in the first 2 cm of soil surface in an area far from Fukushima I NPSs about 
40 km in northwest direction. This is similar to the finding that more than 70% of 137Cs 
was absorbed within the upper 2 cm of soil profile at area from N to NW between 10 and 
40 km from NPSs in Fujiwara et al. (Fujiwara et al., 2012). It can be assumed that strong 
absorption also occur in southern area as Hashimoto and co-workers (Hashimoto, et al., 
2012) showed that the soil type around Fukushima I NPSs within 100 km is the same 
type. Collecting soil samples at sites where there had been measurements of the external 
gamma dose rate in the initial phase could determine an empirical constant A for the 
southern plume. There were 12 samples of soil available from the southern area to 
determine a correlation between 131I:137Cs ratio and 137Cs activity. Further investigating 
of deposited activity of 137Cs can be also applied at any sites in area from North to 
Southwest where initial gamma dose was available (no soil measurement) to strengthen 
the A parameter for more accurate predictions. 
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From this study it is shown that a post-accident gamma dose rate monitoring programme 
should collect soil samples and further information onsoils i.e. type, density and depth, 
and depth profile of contamination at the site of monitoring which can be used to evaluate 
correlations of gamma dose rate and contamination in soil. This information will be useful 
for reconstruction of gamma dose rate by this model and also by other models at areas 
where measured data in initial period after high fallout are not performed.  
Applying AQUASCOPE to predict contamination in freshwater ecosystems 
The simplified AQUASCOPE model can predict the contamination of aquatic systems in 
the long-term period after an accident to evaluate the contamination in future and for 
reconstruction to study doses during the highest impact initial period. The required input 
parameters of the model are very simple and available even a short time after the accident. 
The minimum parameters, for example, the surface deposition (Bq/m2) could be found in 
the large data base of measurements made by MEXT (2014) which covers 200-km area 
around Fukushima I NPSs (most available values were of 137Cs but the corrected ratios 
from Chapter 3 could be used to estimate 134Cs and 131I).  In addition, the surface 
deposition at any catchment could be evaluated by measuring concentration of 137Cs in 
soil and density of soil because most of 137Cs is still in the first few centimetres of the soil 
surface (Fujiwara, et al., 2012; Kato, et al., 2012; Tanaka, et al., 2012). For prediction of 
radiocaesium in fish, the mean value of potassium concentration in rivers and lakes is 
another parameter which can be measured at any time. Other parameters, including net 
rainfall on to the catchment, depth, catchment area and/or   surface area of lake are 
relatively simple parameters to measure. Therefore, AQUASCOPE has been shown to be 
a simple and effective model to determine the contamination of 134,137Cs and 131I at any 
freshwater ecosystem in Japan after the high fallout from the Fukushima accident. 
Further investigation should be carried out to investigate the influence of strong 
absorption of radiocaesium in Japanese catchment soils, particularly for rivers and open 
lakes where radioactivity concentration in water is strongly influenced by contamination 
in catchment. Since there was a lack of initial measurements, it is a limit of this research 
that there were no observations of these empirical constants for Japanese catchments, i.e. 
α and k1 for a fast “flush” of activity as a result of rapid wash off processes and β and k2 
for a slow decline as a result of soil fixation. The author is currently in contact with the 
Japanese National Institute of Radiological Sciences, Chiba, to find measurements from 
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before the Fukushima accident (nuclear weapons test period) to help evaluate transfers of 
radiocaesium from catchment to lake in the very long term.  This investigation may 
provide a more accurate estimate of radiocaesium concentration in water and fish in the 
long term after Fukushima. In addition, it would be wise to test the adjusted 
AQUASCOPE for predicting contamination in predatory species of fish in rivers and 
other open lakes to validate the model results because only data for non-predatory fish 
was available for these systems.  Since potassium concentration in water is very important 
for estimating uptake of radiocaesium, using measurement of this parameter at rivers and 
lakes will interpreted accurate prediction. 
It clear that the contamination in open lake also depends on direct deposition on the water 
surface (as well as deposition on catchment), and only on deposition to the surface of the 
lake for contamination in closed lakes. The remarkably important lakes for people, such 
as Kasumigaura Lake (the second biggest lake in Japan which is used for water supply 
and fisheries) and Teganuma Lake (irrigation water supply) should have real time 
monitoring systems of surface deposition (Bq/m2) in their catchments and water surfaces 
because these information are key parameters for evaluating contamination in water and 
fish. 
These three simplified and effective models from this research are powerful tools to 
reconstruct and predict the effects of contamination from Fukushima on humans and 
ecosystems which is the key for countermeasures to mitigate the radiological 
consequences of the Fukushima Accident. 
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Appendix A Measurement data from air and soil samples 
 
 
 
 
 
 
 
 
 
 
Figure A-1 The monitoring of contaminated concentration in air of key radionuclides in particulate form at Takasaki,  Gunma prefecture located 
approximately 220 km in southwest direction of Fukushima I NPSs  (Stoehlker, et al., 2011). 
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Figure A-2 The monitoring of contaminated concentration in air of other radionuclides at Takasaki,  Gunma prefecture located approximately 220 
km in southwest direction of Fukushima I NPSs, the form of radionuclies were particulate, except the noble gas 133Xe was a gaseous form and the 
data including background around 1×10-3 Bq/m3 (Stoehlker, et al., 2011). 
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Figure A-3 The particulate concentration in air at Japan Chemical Analysis Center (JCAC), Chiba prefecture located about 220 km in southwest 
direction of Fukushima I NPSs (Amano, et al., 2012). 
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Figure A-4 The particulate concentration in air at Waku Institute, Saitama prefecture located about 220 km in southwest direction of Fukushima I 
NPSs (RIKEN, 2011). 
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Figure A-5 The particulate concentration in air at Guam, the United States of America located about 2,700 km from Fukushima I NPSs (Biegalski, 
et al., 2011). 
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Figure A-6 The particulate concentration in air at Midway Islands, the United States of America located about 4,000 km from Fukushima I NPSs 
(Biegalski, et al., 2011). 
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Figure A-7 The particulate concentration in air at University of California, the United States of America located about 8,000 km from Fukushima 
I NPSs (UCB, 2011). 
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Figure A-8 The particulate concentration in air at Offenbach, Germany located about 21,000 km from Fukushima I NPSs (Bossew, et al., 2012). 
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Figure A-9 The particulate concentration in air at Ukrainian Institute of Hydrometeorology, Ukraine located about 22,600 km from Fukushima I 
NPSs (measured data from this research). 
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Figure A-10 The particulate concentration in air at The Health Protection Agency, Oxon, United Kingdom located about 22,000 km from 
Fukushima I NPSs (HPA, 2011). 
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Figure A-11 the deposited concentration at Takami town, Haramachi ward, Minami Soma city located 24 km in north direction of Fukushima I 
NPSs (MEXT, 2011b).  
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Table A-1 Average deposited density of 134Cs and 137Cs at near-zone of Fukushima I NPSs (S. Endo, et al., 2012; Imanaka, et al., 2012; MEXT, 
2011b, 2011c). 
 
Code Direction 
Distance 
(km) 
Site 
Deposited density (Bq/m2) 
134Cs 137Cs 
Mean S.E. Mean S.E. 
103 N 20 Mamegarauchi, Taka, Haramachi ward, Minami Soma city 1.6E+05 4.7E+04 1.9E+05 5.6E+04 
ms-8 N 20 Kanezawa, Haramachi ward, Minami Soma city 1.1E+05 - 1.2E+05 - 
ms-10 N 21 Taka, Haramachi ward, Minami Soma city 2.0E+05 - 2.2E+05 - 
2-4 N 24 Takami town, Haramachi ward, Minami Soma city 1.5E+05 1.5E+04 1.7E+05 1.6E+04 
2-4 N 24 Takami town, Haramachi ward, Minami Soma city 1.6E+05 1.2E+04 2.0E+05 1.4E+04 
ms-9 N 24 Takami town, Haramachi ward, Minami Soma city 3.1E+05 - 3.4E+05 - 
3-10 N 32 Kashima ward, Minami Soma city 2.4E+05 1.4E+04 2.9E+05 1.8E+04 
3-11 N 32 Kashima ward, Minami Soma city 1.2E+05 1.1E+04 1.4E+05 1.2E+04 
39 N 41 Kaminamiki, Yamakami, Soma city 2.5E+05 1.2E+04 3.0E+05 1.5E+04 
3-9 N 42 Nakano, Soma city 1.7E+05 4.3E+04 1.9E+05 4.5E+04 
3-16 N 45 Yamakami, Soma city 2.3E+05 - 2.6E+05 - 
2-10 N 50 Shinchi town, Soma county 1.5E+04 - 1.6E+04 - 
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Table A-1 (continued) Average deposited density of 134Cs and 137Cs at near-zone of Fukushima I NPSs (S. Endo, et al., 2012; Imanaka, et al., 
2012; MEXT, 2011b, 2011c). 
 
Code Direction 
Distance 
(km) 
Site 
Deposited density (Bq/m2) 
134Cs 137Cs 
Mean S.E. Mean S.E. 
n11 NW 20 Hirusone, Namie town, Futaba county 1.2E+07 - 1.5E+07 - 
ms-6 NW 21 Baba, Haramashi ward, Minami Soma city 3.4E+06 - 3.8E+06 - 
K8 NW 21 Noyuki, Katsurao, Katsurao village , Futaba county 8.3E+06 - 9.8E+06 - 
K9 NW 21 Ozasa, Ochiai, Katsurao village, Futaba county 4.2E+05 - 5.0E+05 - 
ms-7 NW 22 Baba, Haramashi ward, Minami Soma city 7.6E+05 - 8.4E+05 - 
n5 NW 22 Kurabeishi, Hirusone, Namie town, Futaba county 2.5E+07 - 3.1E+07 - 
107 NW 23 Shimonakanouchi, Baba, Haramachi ward, Minami Soma city 5.8E+05 3.7E+04 7.2E+05 4.6E+04 
K7 NW 23 Kashiwabara, Katsurao, Katsurao village, Futaba county 5.6E+06 - 6.9E+06 - 
n7 NW 23 Shimohiyada, Minamitsushima, Namie town, Futaba county 7.4E+06 - 9.0E+06 - 
83 NW 24 Akougi Kunugidaira, Namie town 1.7E+07 1.5E+06 2.0E+07 1.9E+06 
K10 NW 24 Ozasa, Ochiai, Katsurao village, Futaba county 2.9E+05 - 3.5E+05 - 
ms-5 NW 25 Takanokura, Haramachi ward, Minami Soma city 8.3E+05 - 8.9E+05 - 
n6 NW 25 Shimohiyada, Minamitsushima, Namie town, Futaba county 3.4E+06 - 4.2E+06 - 
ed2 NW 26 Namie Tsushima 4.6E+05 - 5.1E+05 - 
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Table A-1 (continued) Average deposited density of 134Cs and 137Cs at near-zone of Fukushima I NPSs (S. Endo, et al., 2012; Imanaka, et al., 
2012; MEXT, 2011b, 2011c). 
 
Code Direction 
Distance 
(km) 
Site 
Deposited density (Bq/m2) 
134Cs 137Cs 
Mean S.E. Mean S.E. 
ed11 NW 26 Minami Soma 3.6E+04 - 4.1E+04 - 
n4 NW 26 Shiobite, Akougi, Namie town, Futaba county 7.1E+06 - 9.0E+06 - 
ms-4 NW 27 Takanokura, Haramachi ward, Minami Soma city 1.3E+05 - 1.4E+05 - 
K6 NW 27 Hiroyaji, Katsurao, Katsurao village, Futaba county 3.3E+06 - 4.1E+06 - 
n8 NW 27 Kotsuka, Shimotsushima, Namie town, Futaba county 3.1E+05 - 3.6E+05 - 
K3 NW 28 Higashidaira, Katsurao, Katsurao village, Futaba county 2.0E+05 - 2.6E+05 - 
n2 NW 28 Teshichiro, Akougi, Namie town, Futaba county 6.5E+06 - 8.3E+06 - 
n3 NW 28 Shiraoi, Akougi, Namie town, Futaba county 4.7E+06 - 5.8E+06 - 
79 NW 29 Kayabuka, Shimotsushima, Namie town, Futaba county  4.1E+06 2.3E+05 5.1E+06 2.9E+05 
ms-11 NW 29 Ohara, Haramachi ward, Minami Soma city 6.7E+05 - 7.4E+05 - 
ed3 NW 29 Iitate Warabidaira 1.7E+06 - 1.8E+06 - 
ed4 NW 29 Namie Akogi 1.9E+06 - 2.2E+06 - 
i25 NW 29 Warabidaira, Iitate village, Soma county 4.8E+06 - 6.0E+06 - 
108 NW 30 Daihata, Ohara, Haramachi ward, Minami Soma city 6.5E+05 3.0E+04 7.9E+05 3.8E+04 
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Table A-1 (continued) Average deposited density of 134Cs and 137Cs at near-zone of Fukushima I NPSs (S. Endo, et al., 2012; Imanaka, et al., 
2012; MEXT, 2011b, 2011c). 
 
Code Direction 
Distance 
(km) 
Site 
Deposited density (Bq/m2) 
134Cs 137Cs 
Mean S.E. Mean S.E. 
3-12 NW 30 Tsushima, Namie town 3.1E+06 5.2E+05 3.4E+06 5.6E+05 
3-2 NW 30 Tsushima, Namie  town 1.6E+06 1.4E+05 1.9E+06 1.8E+05 
K2 NW 30 Nakadaira, Katsurao, Katsurao village, Futaba county 9.8E+05 - 1.2E+06 - 
3-13 NW 31 Akougi, Namie town 4.8E+06 3.8E+05 5.3E+06 4.3E+05 
i26 NW 31 Nagadoro, Iitate village, Soma county 5.6E+06 - 7.1E+06 - 
n1 NW 31 Teshichiro, Akougi, Namie town, Futaba county 5.1E+06 - 6.5E+06 - 
ms-12 NW 32 Jisabara Maeta, Kashima ward, Minami Soma city 9.5E+04 - 1.1E+05 - 
K1 NW 32 Kazakoshi, Katsurao, Katsurao village, Futaba county 8.3E+05 - 1.1E+06 - 
3-1 NW 33 Nagadoro, Iitate  village, Soma county 4.5E+06 2.9E+05 5.1E+06 3.4E+05 
kw-6 NW 33 Hirokuboyama, Yamakiya, Kawamta town, Date county 2.7E+06 - 3.0E+06 - 
ms-1 NW 33 Ohara, Haramachi ward, Minami Soma city 4.5E+05 - 4.8E+05 - 
n10 NW 33 Tatenosawa, Hatsuke, Namie town, Futaba county 4.1E+05 - 5.0E+05 - 
kw-5 NW 34 Isshoutatsuyama, Yamakiya, Kawamta town, Date county 9.3E+05 - 9.7E+05 - 
i28 NW 34 Hiso, Iitate village, Soma county 6.8E+06 - 8.3E+06 - 
 
 
   280 
Table A-1 (continued) Average deposited density of 134Cs and 137Cs at near-zone of Fukushima I NPSs (S. Endo, et al., 2012; Imanaka, et al., 
2012; MEXT, 2011b, 2011c). 
 
Code Direction 
Distance 
(km) 
Site 
Deposited density (Bq/m2) 
134Cs 137Cs 
Mean S.E. Mean S.E. 
2-1 NW 36 Yagisawa, Iitate village, Soma county 1.5E+06 1.6E+05 1.6E+06 1.7E+05 
ms-3 NW 36 Kamitochikubo, Kashima ward, Minami Soma city 7.8E+05 - 9.1E+05 - 
ni-2 NW 36 Shimomagariyama, Tazawa, Nihonmatsu city 2.4E+05 - 2.5E+05 - 
i18 NW 36 Yagisawa, Iitate village, Soma county 1.1E+06 - 1.3E+06 - 
i20 NW 36 Hashiba, Sekisawa, Iitate village, Soma county 1.7E+06 - 2.0E+06 - 
kw-4 NW 37 Boyoshi, Yamakiya, Kawamta town, Date county 5.3E+05 - 5.6E+05 - 
i32 NW 37 Iitoi , Iitate village, Soma county 1.9E+06 - 2.3E+06 - 
i17 NW 38 Kusano, Iitate village, Soma county 2.2E+05 - 2.6E+05 - 
i19 NW 38 Sekisawa, Iitate village, Soma county 1.2E+06 1.3E+05 1.5E+06 1.7E+05 
i29 NW 38 Kamihiso, Hiso, Iitate village, Soma county 1.1E+06 - 1.4E+06 - 
i31 NW 38 Iitoi , Iitate village, Soma county 1.1E+06 - 1.4E+06 - 
im4 NW 39 Village office, Iitate village, Soma county 5.8E+05 - 6.7E+05 - 
i1 NW 39 Itamizawa, Iitate village, Soma county 1.9E+06 - 2.4E+06 - 
i2 NW 39 Itamizawa, Iitate village, Soma county 3.5E+05 2.0E+05 4.3E+05 2.5E+05 
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Table A-1 (continued) Average deposited density of 134Cs and 137Cs at near-zone of Fukushima I NPSs (S. Endo, et al., 2012; Imanaka, et al., 
2012; MEXT, 2011b, 2011c). 
 
Code Direction 
Distance 
(km) 
Site 
Deposited density (Bq/m2) 
134Cs 137Cs 
Mean S.E. Mean S.E. 
1-2 NW 40 Yamakiya, Kawamata town 1.2E+06 1.5E+05 1.4E+06 1.9E+05 
3-14 NW 40 Yamakiya, Kawamata town 1.0E+06 6.9E+04 1.2E+06 8.2E+04 
kw-3 NW 40 Shimonagahashi, Yamakiya, Kawamta town, Date county 5.1E+05 - 5.5E+05 - 
i14 NW 40 Kusano, Iitate village, Soma county 2.6E+06 - 3.2E+06 - 
i15 NW 40 Ookura, Iitate village, Soma county 3.9E+05 - 4.7E+05 - 
i16 NW 40 Ookura, Iitate village, Soma county 7.5E+04 - 9.0E+04 - 
i30 NW 40 Ohi, Iitoi, Iitate village, Soma county 2.1E+06 - 2.7E+06 - 
i6 NW 41 Fukaya, Iitate village, Soma county 2.6E+06 - 3.3E+06 - 
kw-1 NW 42 Ushirozawa, Kotsunagi, Kawamata town, Date county 2.8E+05 - 3.0E+05 - 
kw-10 NW 42 Kotsunagi, Kawamata town, Date county 4.9E+05 - 5.4E+05 - 
kw-2 NW 42 Kotsunagi Kamihagane, Kawamata town, Date county 2.2E+05 - 2.2E+05 - 
i7 NW 42 Usuishi, Iitate village, Soma county 1.2E+06 3.4E+05 1.4E+06 4.1E+05 
im1 NW 42 Usuishi, Iitate village, Soma county 8.0E+05 - 9.6E+05 - 
im5 NW 43 Magata, Iitate village, Soma county 1.9E+06 - 2.2E+06 - 
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Table A-1 (continued) Average deposited density of 134Cs and 137Cs at near-zone of Fukushima I NPSs (S. Endo, et al., 2012; Imanaka, et al., 
2012; MEXT, 2011b, 2011c). 
 
Code Direction 
Distance 
(km) 
Site 
Deposited density (Bq/m2) 
134Cs 137Cs 
Mean S.E. Mean S.E. 
kw-8 NW 43 Kotsunagi, Kawamata town, Date county 3.9E+05 - 4.3E+05 - 
kw-9 NW 43 Kotsunagi, Kawamata town, Date county 4.7E+05 - 5.2E+05 - 
i12 NW 43 Sasu, Iitate village, Soma county 4.7E+05 - 5.9E+05 - 
i13 NW 43 Maeta, Iitate village, Soma county 1.7E+04 - 2.1E+04 - 
i8 NW 44 Nimaibashi, Iitate village, Soma county 8.5E+05 1.4E+05 1.0E+06 1.8E+05 
2-2 NW 45 Kawamata town, Date county 3.6E+05 2.6E+04 3.8E+05 2.7E+04 
kw-7 NW 45 Kotsunagi, Kawamata town, Date county 3.0E+05 - 3.1E+05 - 
i9 NW 45 Maeta, Iitate village, Soma county 1.4E+06 - 1.7E+06 - 
im2 NW 46 Sasu, Iitate village, Soma county 6.5E+05 - 7.7E+05 - 
1-1 NW 46 Sasu Nameri, Iitate village 4.7E+05 1.4E+05 5.3E+05 1.6E+05 
i10 NW 46 Sasu, Iitate village, Soma county 2.1E+06 - 2.6E+06 - 
i11 NW 46 Sasu, Iitate village, Soma county 1.7E+06 - 2.1E+06 - 
im3 NW 46 Yamstsumi shrine, Iitate village, Soma county 5.1E+05 - 5.9E+05 - 
3-5 NW 47 Kawamata town 5.0E+04 - 5.8E+04 - 
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Table A-1 (continued) Average deposited density of 134Cs and 137Cs at near-zone of Fukushima I NPSs (S. Endo, et al., 2012; Imanaka, et al., 
2012; MEXT, 2011b, 2011c). 
 
Code Direction 
Distance 
(km) 
Site 
Deposited density (Bq/m2) 
134Cs 137Cs 
Mean S.E. Mean S.E. 
37 NW 48 Hojizawa, Ishida, Ryozen town, Date city 1.2E+06 3.8E+04 1.4E+06 1.5E+05 
102 NW 50 Tsukidate town, Date city 3.5E+05 4.1E+04 4.1E+05 5.1E+04 
2-8 NW 50 Tsukidate town, Date city 2.7E+05 1.9E+04 3.0E+05 2.2E+04 
101 NW 55 Oishi, Ryozen town, Date city 2.2E+05 3.8E+04 2.7E+05 4.4E+04 
2 NW 56 Onami Takinoiri, Fukushima city 7.1E+05 1.8E+05 8.4E+05 2.1E+05 
1 NW 62 Sugitsuma town, Fukushima city 7.7E+05 5.3E+04 9.4E+05 6.4E+04 
ed10 NW 62 Niihama Park, Fukushima city 3.4E+05 - 3.9E+05 - 
ed1 W 4.4 Futaba Yamada 9.8E+06 - 1.0E+07 - 
105 W 21 Furumichi, Miyakoji town, Tamura city 1.4E+05 1.4E+04 1.7E+05 1.7E+04 
K11 W 21 Ohanachi, Ochiai, Katsurao village, Futaba county 4.3E+05 - 5.3E+05 - 
ed6 W 22 Miyakoji Junior High School 7.2E+04 - 8.2E+04 - 
104 W 25 Ochiai, Oaza, Katsurao Village, Futaba County 6.4E+05 3.9E+04 7.8E+05 4.8E+04 
110 W 25 Furumichi, Miyakoji town, Tamura city  3.4E+05 - 4.1E+05 - 
113 W 25 Iwaisawa, Miyakoji town, Tamura city 1.1E+06 3.2E+05 1.3E+06 3.9E+05 
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Table A-1 (continued) Average deposited density of 134Cs and 137Cs at near-zone of Fukushima I NPSs (S. Endo, et al., 2012; Imanaka, et al., 
2012; MEXT, 2011b, 2011c). 
 
Code Direction 
Distance 
(km) 
Site 
Deposited density (Bq/m2) 
134Cs 137Cs 
Mean S.E. Mean S.E. 
181 W 25 Kamikawauchi, Kawauchi village, Futaba county 7.3E+04 - 9.0E+04 - 
ed8 W 25 Katsurao Junior High School 2.2E+05 - 2.6E+05 - 
K4 W 28 Nakanouchi, Nogawa, Katsurao village, Futaba county 1.2E+06 - 1.4E+06 - 
K5 W 29 Yuden, Nogawa, Katsurao village, Futaba county 3.9E+05 - 5.0E+05 - 
3-3 W 32 Yamane, Tokiwa town, Tamura city 1.9E+05 1.2E+04 2.2E+05 1.5E+04 
3-6 W 32 Kaminogawa, Katsurao village 6.3E+05 5.1E+04 7.5E+05 6.0E+04 
2-7 W 34 Yamakiya, Kawamata town, Date county 9.9E+05 7.8E+04 1.1E+06 8.5E+04 
ed5 W 35 Tokiwa Junior High School 2.6E+04 - 3.0E+04 - 
13 W 37 Yakata, Nishimuki, Tokiwa town, Tamura city 7.5E+04 - 9.0E+04 - 
2-3 W 41 Funehiki, Funehiki town, Tamura city 5.3E+04 4.9E+03 5.9E+04 5.2E+03 
3-4 W 43 Ota, Nihonmatsu city 5.4E+05 - 6.5E+05 - 
2-9 W 45 Kanairo, Nihonmatsu city 8.1E+05 6.1E+04 8.9E+05 6.6E+04 
ed9 W 48 Miharu Town 7.3E+03 - 8.3E+04 - 
4-3 W 60 Otama village, Adachi county 1.8E+05 2.4E+04 2.0E+05 2.6E+04 
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Table A-1 (continued) Average deposited density of 134Cs and 137Cs at near-zone of Fukushima I NPSs (S. Endo, et al., 2012; Imanaka, et al., 
2012; MEXT, 2011b, 2011c). 
 
Code Direction 
Distance 
(km) 
Site 
Deposited density (Bq/m2) 
134Cs 137Cs 
Mean S.E. Mean S.E. 
ed12 W 60 Ohshima-Higashi Park, Kouriyama 1.1E+04 - 1.2E+04 - 
76 SW 22 Hayawata, Kamikawauchi, Kawauchi village, Futaba county 9.3E+04 4.6E+03 1.1E+05 5.5E+03 
ed7 SW 23 Kawauchi Elementary School 4.7E+04 - 5.5E+04 - 
114 SW 26 Kamiogawa, Ogawa town, Iwaki city 3.9E+05 - 4.7E+05 - 
111 SW 28 Kamikawauchi, Kawauchi village,  Futaba county 8.3E+04 - 9.8E+04 - 
ed15 SW 31 Kittoya Mountain, Miharu Town 4.4E+04 - 5.2E+04 - 
2-5 SW 39 Ononiimachi, Ono town, Tamura county 5.7E+04 6.1E+03 6.0E+04 6.2E+03 
4-2 SW 60 Hachiman town, Sukagawa city 8.9E+04 8.4E+03 9.6E+04 8.5E+03 
4-4 SW 70 Izumizaki village, Shirakawa county 1.4E+05 2.0E+04 1.5E+05 2.2E+04 
4-1 SW 80 Shirakawa city 1.9E+05 2.6E+04 2.1E+05 2.8E+04 
4-5 SW 80 Saigou village, Nishishirakawa county 2.2E+05 2.6E+04 2.5E+05 2.9E+04 
106 S 30 Hokita, Shiraiwa, Kawamae town, Iwaki city 7.0E+04 4.4E+03 8.8E+04 6.8E+03 
3-15 S 23 Shimokitaba, Hirono town, Futaba county 8.0E+04 2.7E+04 9.3E+04 3.2E+04 
3-7 S 23 Shimokitaba, Hirono town 1.4E+05 1.0E+04 1.7E+05 1.2E+04 
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Table A-1 (continued) Average deposited density of 134Cs and 137Cs at near-zone of Fukushima I NPSs (S. Endo, et al., 2012; Imanaka, et al., 
2012; MEXT, 2011b, 2011c). 
 
Code Direction 
Distance 
(km) 
Site 
Deposited density (Bq/m2) 
134Cs 137Cs 
Mean S.E. Mean S.E. 
ed14 S 29 Suetsugi Station 2.1E+04 - 2.5E+04 - 
72 S 31 Hisanohama, Hisanohama  town, Iwaki city 1.2E+05 1.2E+04 1.5E+05 1.6E+04 
38 S 34 Hokita, Shiraiwa, Yotsukura town, Iwaki city 1.7E+05 4.0E+04 2.0E+05 4.4E+04 
73 S 35 Takahagi, Ogawa  town, Iwaki city 7.0E+04 8.4E+03 8.3E+04 9.2E+03 
74 S 36 Takahagi, Ogawa  town, Iwaki city 3.0E+04 5.5E+03 3.5E+04 6.2E+03 
84 S 39 Saiso, Miwa town, Iwaki city 4.6E+04 3.3E+03 5.4E+04 3.8E+03 
2-6 S 43 Umemoto, Taira Aza, Iwaki city 6.4E+04 5.2E+03 7.2E+04 5.9E+03 
75 S 43 Uchigoumimaya town, Iwaki city 7.2E+04 1.1E+04 8.3E+04 1.2E+04 
ed13 S 44 Chuo Interchange, Iwaki 1.6E+03 - 2.3E+03 - 
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Appendix B Corrected ratios in Air 
Table B-1 Average of corrected ratios of particulate 134Cs and particulate 131I to particulate 137Cs in air at near-zone of Fukushima I NPSs (MEXT, 
2011a). 
Code Direction 
Distance 
Sites 
Corrected ratio in air 
134Cs:137Cs   131I:137Cs 
(km) Mean ±S.E.   Mean ±S.E. 
2-4 N 24 Takami town, Haramachi ward, Minami Soma city 0.76 0.02  6.83 1.09 
2-4 N 24 Takami town, Haramachi ward, Minami Soma city 1.10 0.07  63.00 15.19 
2-10 N 50 Shinchi town, Soma county - -  134.85 - 
1-7 N 32 Kashima ward, Minami Soma city 0.86 0.03  27.47 19.93 
1-8 N 42 Nakano, Soma city 0.86 -  25.74 - 
3-1 NW 33 Nagadoro, Iitate village, Soma county 0.90 0.15  19.25 11.53 
2-1 NW 36 Yagisawa, Iitate village, Soma county - -  22.78 2.15 
2-1 NW 36 Yagisawa, Iitate village, Soma county 1.05 0.10  20.50 10.45 
2-2 NW 45 Kawamata town, Date county 1.19 0.16  12.19 6.61 
1-1 NW 46 Sasu Nameri, Iitate village, Soma county - -  9.26 - 
2-8 NW 50 Tsukidate town, Date city 1.34 -  14.07 - 
1 NW 62 Sugitsuma town, Fukushima city 1.02 0.11  26.68 11.62 
2-7 W 34 Yamakiya, Kawamata town, Date county 0.87 -  7.10 0.46 
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Table B-1 (continued) Average corrected ratios of particulate 134Cs and particulate 131I to particulate 137Cs in air at near-zone of Fukushima I NPSs 
(MEXT, 2011a). 
Code Direction 
Distance 
Sites 
Corrected ratio in air 
134Cs:137Cs   131I:137Cs 
(km) Mean ±S.E.   Mean ±S.E. 
2-7 W 34 Yamakiya, Kawamata town, Date county 1.17 0.16  37.63 28.14 
2-9 W 45 Kanairo, Nihonmatsu city 1.40 -  13.87 3.47 
2-3 W 41 Funehiki, Funehiki town, Tamura city 1.00 0.15  36.96 24.22 
4-3 W 60 Ootama village, Adachi county - -  10.32 - 
76 SW 22 Kamikawauchi, Kawauchi village, Futaba county 0.85 0.06  18.91 3.21 
2-5 SW 39 Ononiimachi, Ono town, Tamura county 1.41 -  29.76 - 
4-5 SW 80 Nishigou village, Nishishirakawa county - -  25.30 - 
2-6 S 43 Umemoto, Taira Aza, Iwaki city 1.03 0.09  47.74 17.59 
1-5 S 23 Shimokitaba, Hirono town, Futaba county 0.78 0.08  89.42 22.78 
*Note that all ratios are corrected back to 11/03/2011 14:46. 
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Table B-2 Average of corrected ratios of particulate 131I, 132Te, and 134,136Cs to particulate 137Cs in air around the World. 
Site 
Average corrected ratio* in air of 
References 131I: 137Cs 132Te: 137Cs 134Cs: 137Cs 136Cs: 137Cs 
Mean S.E. Mean S.E. Mean S.E. Mean S.E. 
Air samples in Japan (80-2,000 km) 
JAEA, Tokai-mura, Ibaraki, Japan 36.55 6.97 20.13 6.49 1.36 0.18 0.21 0.02 JAEA (2012) 
Waku Institute, Saitama, Japan 57.34 12.40 16.70 2.81 0.74 0.03 0.17 0.02 RIKEN (2011) 
Takasaki, Gunma, Japan 16.90 3.18 15.09 1.69 0.90 0.01 0.22 0.01 Stoehlker et al. (2011) 
JCAC, Chiba, Japan 195.00 28.02 18.02 4.59 0.91 0.03 0.16 0.01 Amano et al. (2012) 
Kyushu University, Fukuoka, Japan 48.61 11.10 - - 1.05 0.06 - - Momoshima et al. (2012) 
          
Air samples in Pacific Ocean and US (2,000-12,000 km) 
University of Washington, Washington, US 29.47 5.95 19.05 4.13 0.78 0.05 - - Leon et al. (2011) 
University of California, California, US 48.77 6.25 15.71 1.38 0.92 0.03 - - UCB (2011) 
University  of  North  Carolina, North  Carolina, US 53.43 7.16 - - -  - - MacMullin et al. (2012) 
Saipan, CNMI, US 56.4 - 23.59 - 1.39 - -  EPA (2011) 
Guam, US 23.87 8.59 19.77 4.20 0.80 0.07 -  EPA (2011) 
Dutch Harbor, Alaska, US 15.95 5.13 22.88 3.52 0.88 0.11 - - EPA (2011) 
Oahu, Hawaii, US 11.90 2.65 6.96 0.56 0.81 0.01 -  EPA (2011) 
Juneau, Alaska, US 32.12 5.54 9.74 1.20 0.84 0.04 - - EPA (2011) 
Boise, Idaho, US 27.74 6.87 8.10 2.06 0.79 0.05 0.22 - EPA (2011) 
Anaheim, California, US 54.86 22.91 21.98 4.73 0.83 0.05 - - EPA (2011) 
San Bernardino, California, US 19.69 2.62 15.65 1.74 0.71 0.10 - - EPA (2011) 
Upi Guam, US 290.81 128.82 16.47 1.98 0.81 0.06 0.21 0.02 Biegalski et al. (2011) 
Wake Island, US 67.65 17.65 17.55 1.89 0.80 0.01 0.21 0.01 Biegalski et al. (2011) 
Midway Islands, US 72.71 10.05 15.06 1.34 0.87 0.02 0.22 0.01 Biegalski et al. (2011) 
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Table B-3 (continued) Average of corrected ratios of particulate 131I, 132Te, and 134,136Cs to particulate 137Cs in air around the World. 
Site 
Average corrected ratio* in air of 
References 131I: 137Cs 132Te: 137Cs 134Cs: 137Cs 136Cs: 137Cs 
Mean S.E. Mean S.E. Mean S.E. Mean S.E. 
Sand Point, Alaska, US 36.04 3.28 21.02 1.04 0.78 0.01 0.22 0.01 Biegalski et al. (2011) 
Salchaket, Alaska, US 68.34 7.80 24.11 1.19 0.87 0.01 0.22 0.01 Biegalski et al. (2011) 
Oahu, Hawaii, US 118.99 17.21 14.69 1.72 0.83 0.02 0.22 0.01 Biegalski et al. (2011) 
Sacramento, California, US 93.72 12.52 22.94 1.83 0.92 0.02 0.22 0.01 Biegalski et al. (2011) 
Ashland, Kansas, US 158.77 16.64 22.55 2.63 0.93 0.04 0.23 0.02 Biegalski et al. (2011) 
Charlottesville, Virginia, US 89.47 14.13 16.19 1.67 0.88 0.02 0.22 0.01 Biegalski et al. (2011) 
Melbourne, Florida, US 59.59 5.59 17.61 0.97 0.82 0.02 0.23 0.01 Biegalski et al. (2011) 
          
Air samples in EU (>12,000 km) 
Granada, Spain 53.52 - - - 1.13 - - - Pinero et al. (2012) 
Bordeaux, France 103.86 30.22 - - 0.97 0.07 - - Perrot et al. (2012) 
the French Alps, France 224.86 45.64 17.53 5.02 1.31 0.15 - - Loaiza et al. (2012) 
the IAEA-NAEL building, Monaco 91.87 13.42 - - 0.80 0.05 - - Pham et al. (2012) 
Saclay, France 90.65 11.59 50.84 17.69 0.86 0.11 - - Bossew et al. (2012) 
Orsay, France 87.48 36.28 13.90 2.19 0.87 0.04 - - Bossew et al. (2012) 
Offenbach, Germany 86.10 8.68 58.81 15.81 0.81 0.02 - - Bossew et al. (2012) 
Schauinsland, Germany 118.72 22.03 16.34 1.50 0.79 0.02 - - Bossew et al. (2012) 
Braunschweig, Germany 69.90 8.03 35.87 9.99 0.95 0.03 0.24 0.01 Bossew et al. (2012) 
Wroclaw, Poland 52.30 9.37 15.42 5.05 0.74 0.04 0.17 0.01 Bossew et al. (2012) 
Katowice, Poland 50.20 8.26 8.81 0.66 0.63 0.03 - - Bossew et al. (2012) 
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Table B-4 (continued) Average of corrected ratios of particulate 131I, 132Te, and 134,136Cs to particulate 137Cs in air around the World. 
Site 
Average corrected ratio* in air of 
References 131I: 137Cs 132Te: 137Cs 134Cs: 137Cs 136Cs: 137Cs 
Mean S.E. Mean S.E. Mean S.E. Mean S.E. 
Lodz, Poland 50.24 7.53 11.34 3.03 0.83 0.02 0.12 0.01 Bossew et al. (2012) 
Krakow, Poland 67.16 8.74 21.45 6.72 0.83 0.05 0.15 0.03 Bossew et al. (2012) 
Warszawa, Poland 66.46 12.09 20.03 1.94 0.83 0.03 0.16 0.02 Bossew et al. (2012) 
Byalistok, Poland 33.47 6.23 15.70 1.67 0.80 0.08 0.22 - Bossew et al. (2012) 
Sanok, Poland 62.17 5.69 21.04 2.59 0.79 0.06 0.27 0.05 Bossew et al. (2012) 
Reykjavik, Iceland 50.86 3.70 13.69 2.75 0.85 0.10 0.19 - Bossew et al. (2012) 
Gdynia, Poland 63.64 9.33 18.01 2.51 0.99 0.05 - - Bossew et al. (2012) 
Sacavém, Lisbon, Portugal 68.81 9.58 26.80 4.30 1.11 0.07 - - Carvalho et al. (2012) 
HPA, Oxon, UK 50.06 3.45 14.81 1.47 1.07 0.01 - - HPA (2011) 
Vilnius, Lithuania 88.92 9.55 13.44 0.78 1.06 0.01 0.24 0.01 Gudelis et al. (2012) 
Kiev, Ukraine  65.40 7.40 24.27 7.87 1.03 0.06 - - This research 
* Note that all ratios are corrected back to 11/03/2011 14:46 
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Table B-3 Average percentage of gaseous 131I and corrected ratio of particulate and gaseous of 131I to particulate 137Cs, in air sampling around the 
World.  
Site 
Average 
percentage 
of 131I(g) 
 
Average corrected 
ratio* in air of 
 
References 131I(p)/137Cs (p) 131I(g)/ 137Cs (p) 
Mean S.E. Mean S.E. 
KEK, Tsukuba, Ibaraki, Japan 28.59 20.85 13.01 8.17 4.92 KEK (2011) 
JAEA, Tokai-mura, Ibaraki, Japan 74.67 36.55 6.97 233.79 59.44 JAEA (2012) 
Saipan, CNMI, US 80.50 56.4 - 371.7  EPA (2011) 
Guam, US 80.81 23.87 8.59 96.93 21.69 EPA (2011) 
Dutch Harbor, Alaska, US 81.93 16.95 6.50 147.14 102.74 EPA (2011) 
Oahu, Hawaii, US 82.31 11.90 2.65 77.98 35.41 EPA (2011) 
Juneau, Alaska, US 77.57 32.12 5.56 110.13 10.99 EPA (2011) 
Boise, Idaho, US 68.63 27.74 6.87 93.62 47.89 EPA (2011) 
Anaheim, California, US 88.86 54.86 22.91 473.57 238.82 EPA (2011) 
San Bernardino, California, US 84.67 47.87 52.19 138.05 52.87 EPA (2011) 
Cherbourg, France 82.11 - - - - Bossew et al. (2012) 
Saclay, France 79.17 91.22 28.82 505.92 434.44 Bossew et al. (2012) 
Orsay, France 75.50 - - - - Bossew et al. (2012) 
Guipavas, France 93.10 - - - - Bossew et al. (2012) 
Brest, France 85.02 - - - - Bossew et al. (2012) 
Mol, Belgium 80.55 - - - - Bossew et al. (2012) 
Helsinki, Finland 81.73 - - - - Bossew et al. (2012) 
Fessenheim, France 88.00 - - - - Bossew et al. (2012) 
Le Péage-de-Roussillon, France 73.84 - - - - Bossew et al. (2012) 
Romans-sur-Isère, France 78.86 - - - - Bossew et al. (2012) 
Valence, France 90.10 - - - - Bossew et al. (2012) 
Grenoble, France 84.69 - - - - Bossew et al. (2012) 
Montélimar, France 82.70 - - - - Bossew et al. (2012) 
Santander, Spain 66.15 - - - - Bossew et al. (2012) 
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Table B-5 (continued) Average percentage of gaseous 131I and corrected ratio of particulate and gaseous of 131I to particulate 137Cs, in air sampling 
around the World.  
Site 
Average 
percentage 
of 131I(g) 
 
Average corrected 
ratio* in air of 
 
References 131I(p)/137Cs (p) 131I(g)/ 137Cs (p) 
Mean S.E. Mean S.E. 
Bilbao, Spain 85.06 - - - - Bossew et al. (2012) 
Avignon, France 81.64 - - - - Bossew et al. (2012) 
Oviedo, Spain 86.05 - - - - Bossew et al. (2012) 
Cadarache, France 93.40 91.22 28.82 853.10 11.66 Bossew et al. (2012) 
Milan, Italy 65.48 - - - - Bossew et al. (2012) 
Puigcerdà, Spain 88.63 - - - - Bossew et al. (2012) 
Piacenza, Italy 77.60 - - - - Bossew et al. (2012) 
Gerona, Spain 91.64 - - - - Bossew et al. (2012) 
Ascó, Spain 76.43 - - - - Bossew et al. (2012) 
Linz, France 70.60 99.87 20.00 240.37 40.00 Bossew et al. (2012) 
Vandellòs, Spain 81.48 - - - - Bossew et al. (2012) 
Calafat, Spain 92.54 - - - - Bossew et al. (2012) 
Madrid, Spain 90.29 - - - - Bossew et al. (2012) 
Ljubljana, Slovenia 49.20 - - - - Bossew et al. (2012) 
Vienna, Austria 73.28 72.92 23.67 164.45 70.18 Bossew et al. (2012) 
Valencia, Spain 73.28 - - - - Bossew et al. (2012) 
Cáceres, Spain 77.03 - - - - Bossew et al. (2012) 
Badajoz, Spain 83.46 - - - - Bossew et al. (2012) 
Granada, Spain 74.09 - - - - Bossew et al. (2012) 
San Cristóbal de La Laguna, Spain 84.86 - - - - Bossew et al. (2012) 
*Note that all ratios are corrected back to 11/03/2011 14:46 
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Appendix C Corrected ratio in Soil 
Table C-1 Average corrected ratios of 131I, 132Te, and 134,136Cs to 137Cs. in the near-zone of Fukushima I NPSs. 
Code Direction 
Distance 
(km) 
Average corrected ratio* in soil of 
131I:137Cs 134Cs:137Cs 132Te:137Cs 136Cs:137Cs 
Mean S.E. S.D. Mean S.E. S.D. Mean S.E. S.D. Mean S.E. S.D. 
2-4 N 24 3.0E+01 1.7E+00 1.4E+01 9.5E-01 6.4E-03 5.4E-02 - - - 2.9E-01 - - 
2-10 N 50 4.3E+01 - - 9.6E-01 - - - - - - - - 
ms-8 N 20 1.4E+01 - - 9.7E-01 - - - - - - - - 
ms-9 N 24 1.7E+01 - - 9.7E-01 - - - - - - - - 
ms-10 N 21 2.6E+01 - - 9.4E-01 - - - - - - - - 
2-4 N 24 2.8E+01 2.1E+00 1.4E+01 8.6E-01 5.5E-03 3.6E-02 - - - 2.7E-01 3.3E-02 6.5E-02 
3-9 N 42 4.6E+01 3.2E+01 6.4E+01 8.7E-01 2.5E-02 5.1E-02 - - - - - - 
3-10 N 32 1.2E+01 4.6E-01 2.5E+00 8.6E-01 4.3E-03 2.3E-02 - - - - - - 
3-11 N 32 2.4E+01 1.1E+00 7.3E+00 8.7E-01 2.3E-02 1.6E-01 - - - 2.2E-01 - - 
39 N 41 1.0E+01 6.7E-01 4.1E+00 8.6E-01 4.5E-03 2.8E-02 - - - 2.9E-01 9.5E-03 1.9E-02 
103 N 20 1.5E+01 2.2E+00 5.3E+00 8.3E-01 1.1E-02 2.8E-02 - - - - - - 
3-16 N 45 9.7E+00 - - 8.7E-01 - - - - - - - - 
2-1 NW 36 3.4E+01 3.7E+00 4.4E+01 9.5E-01 3.5E-03 4.1E-02 - - - 2.3E-01 1.3E-02 7.7E-02 
2-2 NW 45 2.9E+01 2.0E+00 1.7E+01 1.0E+00 6.7E-02 5.6E-01 - - - 3.0E-01 3.9E-02 1.0E-01 
2-8 NW 50 3.4E+01 2.5E+00 2.0E+01 1.0E+00 7.0E-02 5.7E-01 - - - 2.9E-01 2.9E-02 5.7E-02 
ms-1 NW 33 1.9E+01 - - 9.9E-01 - - - - - 2.8E-01 - - 
ms-3 NW 36 3.8E+00 - - 9.2E-01 - - - - - 1.6E-01 - - 
ms-4 NW 27 1.7E+01 - - 1.0E+00 - - - - - - - - 
ms-5 NW 25 1.3E+01 - - 9.9E-01 - - - - - 2.8E-01 - - 
ms-6 NW 21 8.7E+00 - - 9.6E-01 - - - - - 2.2E-01 - - 
ms-6 NW 21 8.7E+00 - - 9.6E-01 - - - - - 2.2E-01 - - 
ms-7 NW 22 9.7E+00 - - 9.6E-01 - - - - - 2.0E-01 - - 
ms-11 NW 29 8.1E+00 - - 9.6E-01 - - - - - 2.4E-01 - - 
ms-12 NW 32 2.5E+01 - - 9.1E-01 - - - - - - - - 
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Table C-1 (continued) Average corrected ratios of 131I, 132Te, and 134,136Cs to 137Cs in the near-zone of Fukushima I NPSs. 
Code Direction 
Distance 
(km) 
Average corrected ratio* in soil of 
131I:137Cs 134Cs:137Cs 132Te:137Cs 136Cs:137Cs 
Mean S.E. S.D. Mean S.E. S.D. Mean S.E. S.D. Mean S.E. S.D. 
kw-1 NW 42 3.1E+01 - - 1.0E+00 - - - - - - - - 
kw-2 NW 42 4.1E+01 - - 1.1E+00 - - - - - - - - 
kw-3 NW 40 1.3E+01 - - 1.0E+00 - - - - - 2.9E-01 - - 
kw-4 NW 37 - - - 1.0E+00 - - - - - - - - 
kw-5 NW 34 1.8E+01 - - 1.0E+00 - - - - - 2.0E-01 - - 
kw-6 NW 33 1.7E+01 - - 9.4E-01 - - - - - 2.1E-01 - - 
kw-7 NW 45 2.1E+01 - - 1.0E+00 - - - - - 4.0E-01 - - 
kw-8 NW 43 2.7E+01 - - 9.7E-01 - - - - - - - - 
kw-9 NW 43 1.3E+01 - - 9.6E-01 - - - - - 2.6E-01 - - 
kw-10 NW 42 1.7E+01 - - 9.7E-01 - - - - - - - - 
ni-2 NW 36 1.2E+01 - - 1.0E+00 - - - - - - - - 
1 NW 62 1.4E+01 7.0E-01 4.6E+00 8.7E-01 3.8E-03 2.5E-02 - - - 2.4E-01 1.1E-02 4.1E-02 
2 NW 56 1.7E+01 1.3E+00 3.0E+00 8.6E-01 4.9E-03 1.1E-02 - - - - - - 
3-1 NW 33 1.4E+01 1.1E+00 7.7E+00 9.3E-01 8.4E-03 6.1E-02 - - - 2.1E-01 5.5E-03 2.0E-02 
3-2 NW 30 1.5E+01 8.9E-01 5.7E+00 1.1E+00 2.1E-01 1.3E+00 - - - 2.1E-01 9.8E-03 3.7E-02 
3-12 NW 30 2.3E+01 3.9E+00 2.8E+01 9.3E-01 6.0E-01 4.3E+00 - - - 2.2E-01 1.5E-02 5.0E-02 
3-13 NW 31 2.0E+01 1.9E+00 1.3E+01 9.5E-01 7.9E-03 5.7E-02 - - - 2.4E-01 5.1E-03 1.8E-02 
3-14 NW 40 1.5E+01 5.2E-01 3.7E+00 8.7E-01 3.7E-03 2.6E-02 - - - 2.1E-01 1.9E-02 5.8E-02 
37 NW 48 6.1E+00 4.7E-01 6.6E-01 8.8E-01 7.0E-02 9.8E-02 - - - - - - 
79 NW 29 1.3E+01 5.3E-01 3.3E+00 8.6E-01 3.2E-03 2.0E-02 - - - 2.1E-01 4.9E-03 2.1E-02 
83 NW 24 9.7E+00 3.3E-01 1.0E+00 8.8E-01 1.7E-02 5.3E-02 - - - 2.0E-01 7.1E-03 1.0E-02 
101 NW 55 1.6E+01 2.1E+00 5.6E+00 8.5E-01 7.8E-03 2.1E-02 - - - - - - 
102 NW 50 1.5E+01 8.0E-01 2.1E+00 8.7E-01 1.5E-02 3.8E-02 - - - - - - 
107 NW 23 1.1E+01 8.0E-01 5.3E+00 8.4E-01 3.9E-03 2.6E-02 - - - 2.1E-01 1.0E-02 3.2E-02 
108 NW 30 8.7E+00 5.2E-01 3.5E+00 8.6E-01 4.1E-03 2.8E-02 - - - 2.2E-01 1.6E-02 4.9E-02 
i1 NW 39 1.0E+01 3.2E-01 7.7E-01 8.6E-01 6.2E-03 1.5E-02 - - - 2.1E-01 4.1E-02 5.8E-02 
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Table C-1 (continued) Average corrected ratios of 131I, 132Te, and 134,136Cs to 137Cs in the near-zone of Fukushima I NPSs. 
Code Direction 
Distance 
(km) 
Average corrected ratio* in soil of 
131I:137Cs 134Cs:137Cs 132Te:137Cs 136Cs:137Cs 
Mean S.E. S.D. Mean S.E. S.D. Mean S.E. S.D. Mean S.E. S.D. 
i2 NW 39 1.5E+01 2.4E+00 4.9E+00 8.9E-01 1.1E-02 2.5E-02 - - - - - - 
i7 NW 42 2.2E+01 5.6E+00 1.3E+01 8.7E-01 9.0E-03 2.0E-02 - - - 2.1E-01 - - 
i8 NW 44 1.3E+01 1.0E+00 2.2E+00 8.7E-01 4.1E-03 9.1E-03 - - - 2.4E-01 7.1E-02 1.0E-01 
i19 NW 38 9.4E+00 1.1E+00 2.5E+00 8.4E-01 7.4E-03 1.6E-02 - - - 2.3E-01   
1-1 NW 46 1.9E+01 1.8E+00 3.0E+00 8.9E-01 1.0E-02 1.8E-02 - - - - - - 
1-2 NW 40 1.5E+01 9.6E-01 1.4E+00 8.9E-01 1.8E-02 2.6E-02 - - - - - - 
3-5 NW 47 1.5E+01 - - 8.7E-01 - - - - - - - - 
K1 NW 32 1.4E+01 - - 8.3E-01 - - - - - - - - 
K2 NW 30 1.3E+01 - - 8.6E-01 - - - - - 2.3E-01   
K3 NW 28 1.9E+01 - - 8.4E-01 - - - - - - - - 
K6 NW 27 1.4E+01 - - 8.5E-01 - - - - - 1.7E-01 - - 
K7 NW 23 7.7E+00 - - 8.5E-01 - - - - - 2.2E-01 - - 
K8 NW 21 1.3E+01 - - 9.0E-01 - - - - - 2.4E-01 - - 
K9 NW 21 2.1E+01 - - 8.9E-01 - - - - - 2.5E-01 - - 
K10 NW 24 2.8E+01 - - 8.8E-01 - - - - - - - - 
n1 NW 31 1.3E+01 - - 8.4E-01 - - - - - 2.1E-01 - - 
n2 NW 28 8.1E+00 - - 8.4E-01 - - - - - 2.3E-01 - - 
n3 NW 28 9.6E+00 - - 8.7E-01 - - - - - 2.3E-01 - - 
n4 NW 26 7.6E+00 - - 8.4E-01 - - - - - 2.0E-01 - - 
n5 NW 22 8.7E+00 - - 8.6E-01 - - - - - 1.9E-01 - - 
n6 NW 25 1.4E+01 - - 8.6E-01 - - - - - 2.1E-01 - - 
n7 NW 23 1.1E+01 - - 8.7E-01 - - - - - 2.3E-01 - - 
n8 NW 27 7.6E+01 - - 9.1E-01 - - - - - 4.1E-01 - - 
n10 NW 33 1.5E+01 - - 8.7E-01 - - - - - - - - 
n11 NW 20 7.3E+00 - - 8.5E-01 - - - - - 2.0E-01 - - 
i6 NW 41 1.2E+01 - - 8.5E-01 - - - - - 2.2E-01 - - 
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Table C-1 (continued) Average corrected ratios of 131I, 132Te, and 134,136Cs to 137Cs in the near-zone of Fukushima I NPSs. 
Code Direction 
Distance 
(km) 
Average corrected ratio* in soil of 
131I:137Cs 134Cs:137Cs 132Te:137Cs 136Cs:137Cs 
Mean S.E. S.D. Mean S.E. S.D. Mean S.E. S.D. Mean S.E. S.D. 
i9 NW 45 1.4E+01 - - 8.7E-01 - - - - - 1.6E-01 - - 
i10 NW 46 9.6E+00 - - 8.8E-01 - - - - - 1.6E-01 - - 
i11 NW 46 9.5E+00 - - 8.8E-01 - - - - - 1.9E-01 - - 
i12 NW 43 1.6E+01 - - 8.4E-01 - - - - - - - - 
i13 NW 43 1.2E+02 - - 8.8E-01 - - - - - - - - 
i14 NW 40 1.1E+01 - - 8.4E-01 - - - - - 2.6E-01 - - 
i15 NW 40 1.4E+01 - - 8.8E-01 - - - - - - - - 
i16 NW 40 - - - 8.9E-01 - - - - - - - - 
i17 NW 38 3.9E+01 - - 9.1E-01 - - - - - - - - 
i18 NW 36 8.8E+00 - - 8.8E-01 - - - - - - - - 
i20 NW 36 1.1E+01 - - 9.0E-01 - - - - - 2.3E-01 - - 
i25 NW 29 1.3E+01 - - 8.5E-01 - - - - - 1.9E-01 - - 
i26 NW 31 1.1E+01 - - 8.4E-01 - - - - - 1.5E-01 - - 
i28 NW 34 2.4E+01 - - 8.7E-01 - - - - - 2.2E-01 - - 
i29 NW 38 4.1E+00 - - 8.4E-01 - - - - - - - - 
i30 NW 40 1.2E+01 - - 8.3E-01 - - - - - 2.1E-01 - - 
i31 NW 38 1.5E+01 - - 8.4E-01 - - - - - 2.7E-01 - - 
i32 NW 37 7.6E+00 - - 8.6E-01 - - - - - 2.0E-01 - - 
ed2 NW 26 2.2E+01 - - - - - 1.8E+01 - - 2.5E-01 - - 
ed3 NW 29 5.6E+00 - - 9.0E-01 - - 1.7E+01 - - 2.4E-01 - - 
ed4 NW 29 1.5E+01 - - 8.8E-01 - - 1.8E+01 - - 2.2E-01 - - 
ed10 NW 62 1.0E+01 - - 8.8E-01 - - 1.8E+01 - - 2.3E-01 - - 
ed11 NW 26 2.8E+01 - - 8.8E-01 - - 1.9E+01 - - 2.4E-01 - - 
im1 NW 42 1.1E+01 - - 8.5E-01 - - 1.5E+01 - - 2.0E-01 - - 
im2 NW 46 1.3E+01 - - 8.6E-01 - - 2.0E+01 - - 8.3E-02 - - 
im3 NW 46 1.2E+01 - - 8.8E-01 - - 2.2E+01 - - 1.4E-01 - - 
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Table C-1 (continued) Average corrected ratios of 131I, 132Te, and 134,136Cs to 137Cs in the near-zone of Fukushima I NPSs. 
Code Direction 
Distance 
(km) 
Average corrected ratio* in soil of 
131I:137Cs 134Cs:137Cs 132Te:137Cs 136Cs:137Cs 
Mean S.E. S.D. Mean S.E. S.D. Mean S.E. S.D. Mean S.E. S.D. 
im4 NW 39 9.7E+00 - - 8.8E-01 - - 1.7E+01 - - 1.5E-01 - - 
im5 NW 43 8.3E+00 - - 8.7E-01 - - 1.7E+01 - - 1.9E-01 - - 
2-6 S 43 1.2E+02 1.2E+01 9.6E+01 9.4E-01 1.3E-02 1.1E-01 - - - - 6.6E+04 - 
3-7 S 23 7.8E+01 5.7E+00 3.4E+01 8.7E-01 6.4E-03 3.8E-02 - - - - - - 
3-15 S 23 6.2E+01 3.3E+01 5.7E+01 8.9E-01 4.4E-02 7.6E-02 - - - - - - 
38 S 34 7.5E+01 2.5E+00 1.5E+01 8.9E-01 6.0E-03 3.6E-02 - - - - - - 
72 S 31 7.2E+01 5.9E+00 1.2E+01 8.5E-01 1.1E-02 2.1E-02 - - - - - - 
73 S 35 6.9E+01 6.7E+00 1.3E+01 8.7E-01 1.3E-02 2.5E-02 - - - - - - 
74 S 36 6.6E+01 5.8E+00 1.2E+01 8.5E-01 4.5E-02 9.1E-02 - - - - - - 
75 S 43 9.5E+01 8.7E+00 1.7E+01 8.8E-01 2.2E-02 4.5E-02 - - - - - - 
84 S 39 2.4E+01 1.1E+00 5.9E+00 8.9E-01 1.0E-02 5.7E-02 - - - - - - 
106 S 30 9.8E+00 1.0E+00 2.1E+00 8.3E-01 2.1E-02 4.2E-02 - - - - - - 
ed13 S 44 1.4E+02 - - 6.9E-01 - - 2.9E+01 - - 1.3E-01 - - 
ed14 S 29 8.0E+01 - - 8.7E-01 - - 1.5E+01 - - 1.9E-01 - - 
2-5 SW 39 1.9E+01 1.5E+00 1.2E+01 1.0E+00 1.2E-01 1.0E+00 - - - - 6.6E+04 - 
4-1 SW 80 1.1E+01 4.7E-01 1.9E+00 9.7E-01 1.1E-02 4.5E-02 - - - - 6.6E+04 - 
4-2 SW 60 1.2E+01 5.3E-01 2.2E+00 9.5E-01 1.1E-02 4.4E-02 - - - - 6.6E+04 - 
4-4 SW 70 1.2E+01 5.1E-01 2.1E+00 9.6E-01 9.8E-03 4.1E-02 - - - - 6.6E+04 - 
4-5 SW 80 1.1E+01 7.9E-01 3.2E+00 9.4E-01 1.1E-02 4.6E-02 - - - - 6.6E+04 - 
76 SW 22 3.0E+01 9.3E-01 5.9E+00 8.6E-01 6.7E-03 4.3E-02 - - - 4.4E-01 - - 
111 SW 28 5.0E+01 - - 9.0E-01 - - - - - - - - 
114 SW 26 1.3E+01 - - 9.0E-01 - - - - - - - - 
ed7 SW 23 1.6E+01 - - 8.6E-01 - - 1.4E+01 - - 1.6E-01 - - 
ed15 SW 31 1.6E+01 - - 8.5E-01 - - 1.7E+01 - - 1.9E-01 - - 
2-3 W 41 2.7E+01 1.9E+00 1.5E+01 9.4E-01 1.1E-02 9.4E-02 - - - - - - 
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Table C-1 (continued) Average of corrected ratios of 131I, 132Te, and 134,136Cs to 137Cs in near-zone of Fukushima I NPSs. 
Code Direction 
Distance 
(km) 
Average corrected ratio* in soil of 
131I:137Cs 134Cs:137Cs 132Te:137Cs 136Cs:137Cs 
Mean S.E. S.D. Mean S.E. S.D. Mean S.E. S.D. Mean S.E. S.D. 
2-7 W 34 2.4E+01 2.0E+00 1.6E+01 9.5E-01 4.7E-03 3.8E-02 - - - 2.4E-01 8.0E-03 3.5E-02 
2-9 W 45 1.3E+01 7.4E-01 6.0E+00 9.5E-01 4.2E-03 3.4E-02 - - - 2.5E-01 1.5E-02 5.7E-02 
4-3 W 60 2.5E+01 1.7E+00 1.2E+01 9.4E-01 8.5E-03 6.1E-02 - - - 3.1E-01 - - 
3-3 W 32 1.8E+01 1.3E+00 8.7E+00 8.7E-01 4.6E-03 3.0E-02 - - - 2.4E-01 - - 
3-6 W 32 1.6E+01 7.9E-01 5.5E+00 8.7E-01 3.7E-03 2.6E-02 - - - 2.3E-01 9.7E-03 3.2E-02 
104 W 25 1.7E+01 5.7E-01 3.7E+00 8.7E-01 3.8E-03 2.5E-02 - - - 2.3E-01 1.5E-02 4.0E-02 
105 W 21 2.4E+01 8.4E-01 1.7E+00 8.4E-01 6.6E-03 1.3E-02 - - - - - - 
113 W 25 2.1E+01 3.3E+00 1.3E+01 8.9E-01 5.3E-03 2.1E-02 - - - 2.2E-01 1.4E-02 4.4E-02 
13 W 37 1.7E+01 - - 8.5E-01 - - - - - - - - 
3-4 W 43 1.1E+01 - - 8.5E-01 - - - - - - - - 
110 W 25 1.2E+01 - - 8.9E-01 - - - - - - - - 
181 W 25 3.7E+01 - - 8.6E-01 - - - - - - - - 
K4 W 28 1.0E+01 - - 8.9E-01 - - - - - 1.9E-01 - - 
K5 W 29 1.6E+01 - - 8.4E-01 - - - - - - - - 
K11 W 21 1.9E+01 - - 8.7E-01 - - - - - 2.9E-01 - - 
ed1 W 4.4 1.8E+01 - - 9.7E-01 - - 1.8E+01 - - 2.6E-01 - - 
ed5 W 35 2.5E+01 - - 8.6E-01 - - 2.2E+01 - - 1.4E-01 - - 
ed6 W 22 3.9E+01 - - 8.9E-01 - - 2.4E+01 - - 1.9E-01 - - 
ed8 W 25 1.8E+01 - - 8.5E-01 - - 1.8E+01 - - 2.0E-01 - - 
ed9 W 48 9.0E+00 - - 8.8E-01 - - 1.7E+01 - - 1.4E-01 - - 
ed12 W 60 4.9E+00 - - 8.8E-01 - - 1.1E+01 - - 2.3E-01 - - 
Average 22.46 1.87 22.50 0.90 0.01 0.06 18.30 0.87 3.87 0.22 0.01 0.05 
No. of samples 1,795 1,817 20 283 
No. of sites 145 146 20 88 
Note that the names of the deposition monitoring sites and source of data are shown in Table C-2, Appendix C. 
*Note that all ratios are corrected back to 11/03/2011 14:46 
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Table C-2 the name and source of the deposition monitoring sites in near zone of 
Fukushima I NPSs. 
Code Site 
Monitoring by MEXT (2011b) 
2-1 Yagisawa, Iitate village, Soma county 
2-2 Kawamata town, Date county 
2-3 Funehiki, Funehiki town, Tamura city 
2-4 Takami town, Haramachi ward, Minami Soma city 
2-5 Ononiimachi, Ono town, Tamura county 
2-6 Umemoto, Taira Aza, Iwaki city 
2-7 Yamakiya, Kawamata town, Date county 
2-8 Tsukidate town, Date city 
2-9 Kanairo, Nihonmatsu city 
4-1 Shirakawa city 
4-2 Hachiman town, Sukagawa city 
4-3 Otama village, Adachi county 
4-4 Izumizaki village, Shirakawa county 
4-5 Saigou village, Nishishirakawa county 
2-10 Shinchi town, Soma county 
ms-1 Ohara, Haramachi ward, Minami Soma city 
ms-3 Kamitochikubo, Kashima ward, Minami Soma city 
ms-4 Takanokura, Haramachi ward, Minami Soma city 
ms-5 Takanokura, Haramachi ward, Minami Soma city 
ms-6 Baba, Haramashi ward, Minami Soma city 
ms-7 Baba, Haramashi ward, Minami Soma city 
ms-8 Kanezawa, Haramachi ward, Minami Soma city 
ms-9 Takami town, Haramachi ward, Minami Soma city 
ms-10 Taka, Haramachi ward, Minami Soma city 
ms-11 Ohara, Haramachi ward, Minami Soma city 
ms-12 Jisabara Maeta, Kashima ward, Minami Soma city 
kw-1 Ushirozawa, Kotsunagi, Kawamata town, Date county 
kw-2 Kotsunagi Kamihagane, Kawamata town, Date county 
kw-3 Shimonagahashi, Yamakiya, Kawamta town, Date county 
kw-4 Boyoshi, Yamakiya, Kawamta town, Date county 
kw-5 Isshoutatsuyama, Yamakiya, Kawamta town, Date county 
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Table C-2 (continued) the name and source of the deposition monitoring sites in near 
zone of Fukushima I NPSs. 
Code Site 
kw-6 Hirokuboyama, Yamakiya, Kawamta town, Date county 
kw-7 Kotsunagi, Kawamata town, Date county 
kw-8 Kotsunagi, Kawamata town, Date county 
kw-9 Kotsunagi, Kawamata town, Date county 
kw-10 Kotsunagi, Kawamata town, Date county 
ni-2 Shimomagariyama, Tazawa, Nihonmatsu city 
Monitoring by MEXT (2011c) 
1 Sugitsuma town, Fukushima city 
2 Onami Takinoiri, Fukushima city 
2-4 Takami town, Haramachi ward, Minami Soma city 
3-1 Nagadoro, Iitate  village, Soma county 
3-2 Tsushima, Namie  town 
3-3 Yamane, Tokiwa town, Tamura city 
3-6 Kaminogawa, Katsurao village 
3-7 Shimokitaba, Hirono town 
3-9 Nakano, Soma city 
3-10 Kashima ward, Minami Soma city 
3-11 Kashima ward, Minami Soma city 
3-12 Tsushima, Namie town 
3-13 Akougi, Namie town 
3-14 Yamakiya, Kawamata town 
3-15 Shimokitaba, Hirono town, Futaba county 
37 Hojizawa, Ishida, Ryozen town, Date city 
38 Hokita, Shiraiwa, Yotsukura town, Iwaki city 
39 Kaminamiki, Yamakami, Soma city 
72 Hisanohama, Hisanohama  town, Iwaki city 
73 Takahagi, Ogawa  town, Iwaki city 
74 Takahagi, Ogawa  town, Iwaki city 
75 Uchigoumimaya town, Iwaki city 
76 Hayawata, Kamikawauchi, Kawauchi village, Futaba county 
79 Shimotsushima Kayabuka, Namie town, Futaba county 
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Table C-2 (continued) the name and source of the deposition monitoring sites in near 
zone of Fukushima I NPSs. 
Code Site 
83 Akougi Kunugidaira, Namie town 
84 Saiso, Miwa town, Iwaki city 
101 Oishi, Ryozen town, Date city 
102 Tsukidate town, Date city 
103 Mamegarauchi, Taka, Haramachi ward, Minami Soma city 
104 Ochiai, Oaza, Katsurao Village, Futaba County 
105 Furumichi, Miyakoji town, Tamura city 
106 Hokita, Shiraiwa, Kawamae town, Iwaki city 
107 Shimonakanouchi, Baba, Haramachi ward, Minami Soma city 
108 Daihata, Ohara, Haramachi ward, Minami Soma city 
113 Iwaisawa, Miyakoji town, Tamura city 
i1 Itamizawa, Iitate village, Soma county 
i2 Itamizawa, Iitate village, Soma county 
i7 Usuishi, Iitate village, Soma county 
i8 Nimaibashi, Iitate village, Soma county 
i19 Sekisawa, Iitate village, Soma county 
1-1 Sasu Nameri, Iitate village 
1-2 Yamakiya, Kawamata town 
13 Yakata, Nishimuki, Tokiwa town, Tamura city 
3-4 Ota, Nihonmatsu city 
3-5 Kawamata town 
3-16 Yamakami, Soma city 
110 Furumichi, Miyakoji town, Tamura city 
111 Kamikawauchi, Kawauchi village,  Futaba county 
114 Kamiogawa, Ogawa town, Iwaki city 
181 Kamikawauchi, Kawauchi village, Futaba county 
K1 Kazakoshi, Katsurao, Katsurao village, Futaba county 
K2 Nakadaira, Katsurao, Katsurao village, Futaba county 
K3 Higashidaira, Katsurao, Katsurao village, Futaba county 
K4 Nakanouchi, Nogawa, Katsurao village, Futaba county 
K5 Yuden, Nogawa, Katsurao village, Futaba county 
K6 Hiroyaji, Katsurao, Katsurao village, Futaba county 
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Table C-2 (continued) the name and source of the deposition monitoring sites in near 
zone of Fukushima I NPSs. 
Code Site 
K7 Kashiwabara, Katsurao, Katsurao village, Futaba county 
K8 Noyuki, Katsurao, Katsurao village , Futaba county 
K9 Ozasa, Ochiai, Katsurao village, Futaba county 
K10 Ozasa, Ochiai, Katsurao village, Futaba county 
K11 Ohanachi, Ochiai, Katsurao village, Futaba county 
n1 Teshichiro, Akougi, Namie town, Futaba county 
n2 Teshichiro, Akougi, Namie town, Futaba county 
n3 Shiraoi, Akougi, Namie town, Futaba county 
n4 Shiobite, Akougi, Namie town, Futaba county 
n5 Kurabeishi, Hirusone, Namie town, Futaba county 
n6 Shimohiyada, Minamitsushima, Namie town, Futaba county 
n7 Shimohiyada, Minamitsushima, Namie town, Futaba county 
n8 Kotsuka, Shimotsushima, Namie town, Futaba county 
n10 Tatenosawa, Hatsuke, Namie town, Futaba county 
n11 Hirusone, Namie town, Futaba county 
i6 Fukaya, Iitate village, Soma county 
i9 Maeta, Iitate village, Soma county 
i10 Sasu, Iitate village, Soma county 
i11 Sasu, Iitate village, Soma county 
i12 Sasu, Iitate village, Soma county 
i13 Maeta, Iitate village, Soma county 
i14 Kusano, Iitate village, Soma county 
i15 Ookura, Iitate village, Soma county 
i16 Ookura, Iitate village, Soma county 
i17 Kusano, Iitate village, Soma county 
i18 Yagisawa, Iitate village, Soma county 
i20 Hashiba, Sekisawa, Iitate village, Soma county 
i25 Warabidaira, Iitate village, Soma county 
i26 Nagadoro, Iitate village, Soma county 
i28 Hiso, Iitate village, Soma county 
i29 Kamihiso, Hiso, Iitate village, Soma county 
i30 Ohi, Iitoi, Iitate village, Soma county 
 
   304 
Table C-2 (continued) the name and source of the deposition monitoring sites in near 
zone of Fukushima I NPSs. 
Code Site 
i31 Iitoi , Iitate village, Soma county 
i32 Iitoi , Iitate village, Soma county 
Monitoring by Endo and co-workers (2012) 
ed1 Futaba Yamada 
ed2 Namie Tsushima 
ed3 Iitate Warabidaira 
ed4 Namie Akogi 
ed5 Tokiwa Junior High School 
ed6 Miyakoji Junior High School 
ed7 Kawauchi Elementary School 
ed8 Katsurao Junior High School 
ed9 Miharu Town 
ed10 Niihama Park, Fukushima city 
ed11 Minami Soma 
ed12 Ohshima-Higashi Park, Kouriyama 
ed13 Chuo Interchange, Iwaki 
ed14 Suetsugi Station 
ed15 Kittoya Mountain, Miharu Town 
Monitoring by Imanaka and co-workers (2012) 
im1 Usuishi, Iitate village, Soma county 
im2 Sasu, Iitate village, Soma county 
im3 Yamstsumi shrine, Iitate village, Soma county 
im4 Village office, Iitate village, Soma county 
im5 Magata, Iitate village, Soma county 
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Table C-3 Average of corrected ratios of 129mTe to 137Cs in near-zone of Fukushima I NPSs. 
Code Direction 
Distance Average corrected ratio* in soil of 
(km) 129mTe:137Cs 140Ba:137Cs 140La:137Cs 
im1 NW 42.12 0.02 - - 
im2 NW 45.68 0.04 - - 
im3 NW 46.1 0.03 - - 
im4 NW 38.67 0.04 - - 
im5 NW 42.78 0.03 - - 
Mean corrected ratio 0.03 - - 
(± 2 S.E.) 0.006 - - 
Note that the names of the deposition monitoring sites were show in Table C-2, Appendix C. 
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Table C-4 Average of corrected ratios of 140Ba and 140La (fission product) to 137Cs in near-zone of Fukushima I NPSs from Endo (2012). 
Code Direction 
Distance Average corrected ratio* in soil of 
(km) 129mTe:137Cs 140Ba:137Cs 140La:137Cs 
ed1 W 4.4 - - - 
ed2 NW 26 - 0.04 0.10 
ed3 NW 29 - 0.07 - 
ed4 NW 29 - 0.05 - 
ed5 W 35 - 0.04 - 
ed6 W 22 - 0.04  
ed7 SW 23 - 0.09 0.26 
ed8 W 25 - 0.02 0.47 
ed9 W 48 - 0.02 0.18 
ed10 NW 62 - 0.03 0.19 
ed11 NW 26 - 0.08 - 
ed12 W 60 - 0.04 - 
ed13 S 44 - 0.37 - 
ed14 S 29 - - 1.76 
ed15 SW 31 - - 0.11 
Mean corrected ratio - 0.07 0.40 
(± 2 S.E.) - 0.06 0.34 
Note that the names of the deposition monitoring sites were show in Table C-2, Appendix C. 
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Table C-5 Details of the corrected ratio 131I/137Cs in soil from measurement and from 
model (Equation 3-1) in the northwest area of Fukushima I NPSs. 
Code Direction 
Distance 
(km) 
Measurement Model 𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑅𝑚𝑜𝑑𝑒𝑙
 𝐿𝑜𝑔 (
𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑅𝑚𝑜𝑑𝑒𝑙
) 
(Rmeasurement) (Rmodel) 
2-1 NW 36 33.99 12.64 2.69 0.43 
2-2 NW 45 28.94 17.58 1.65 0.22 
2-8 NW 50 33.60 19.05 1.76 0.25 
ms-1 NW 33 19.19 16.32 1.18 0.07 
ms-3 NW 36 3.76 13.99 0.27 -0.57 
ms-5 NW 25 13.42 14.04 0.96 -0.02 
ms-7 NW 22 9.71 14.22 0.68 -0.17 
ms-11 NW 29 8.13 14.62 0.56 -0.25 
ms-12 NW 32 25.28 28.94 0.87 -0.06 
ms-4 NW 27 17.41 26.14 0.67 -0.18 
ms-6 NW 21 8.69 11.49 0.76 -0.12 
kw-1 NW 42 30.78 19.04 1.62 0.21 
kw-2 NW 42 40.58 21.28 1.91 0.28 
kw-7 NW 45 21.15 18.73 1.13 0.05 
kw-8 NW 43 26.62 16.89 1.58 0.20 
kw-9 NW 43 12.92 15.99 0.81 -0.09 
kw-10 NW 42 17.31 15.82 1.09 0.04 
kw-3 NW 40 13.13 15.78 0.83 -0.08 
kw-5 NW 34 18.42 13.81 1.33 0.13 
kw-6 NW 33 16.83 11.72 1.44 0.16 
ni-2 NW 36 12.40 20.33 0.61 -0.21 
107 NW 23 10.94 14.73 0.74 -0.13 
108 NW 30 8.75 14.41 0.61 -0.22 
83 NW 24 9.73 10.58 0.92 -0.04 
3-13 NW 31 19.75 11.20 1.76 0.25 
3-1 NW 33 13.78 11.23 1.23 0.09 
i19 NW 38 9.36 12.73 0.74 -0.13 
i1 NW 39 10.12 12.02 0.84 -0.07 
i2 NW 39 14.99 16.87 0.89 -0.05 
i7 NW 42 21.96 12.86 1.71 0.23 
i8 NW 44 13.25 13.60 0.97 -0.01 
1-1 NW 46 19.44 15.88 1.22 0.09 
37 NW 48 6.12 13.00 0.47 -0.33 
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Table C-5 (continued) Details of the corrected ratio 131I/137Cs in soil from measurement 
and from model (Equation 3-1) in the northwest area of Fukushima I NPSs. 
Code Direction 
Distance 
(km) 
Measurement Model 𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑅𝑚𝑜𝑑𝑒𝑙
 𝐿𝑜𝑔 (
𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑅𝑚𝑜𝑑𝑒𝑙
) 
(Rmeasurement) (Rmodel) 
102 NW 50 14.92 17.08 0.87 -0.06 
101 NW 55 15.50 19.81 0.78 -0.11 
2 NW 56 16.85 14.23 1.18 0.07 
1 NW 62 14.09 13.90 1.01 0.01 
3-12 NW 30 23.21 11.59 2.00 0.30 
79 NW 29 12.54 11.23 1.12 0.05 
3-2 NW 30 15.31 12.40 1.23 0.09 
3-14 NW 40 14.92 13.20 1.13 0.05 
1-2 NW 40 14.94 12.95 1.15 0.06 
3-5 NW 47 15.37 41.03 0.37 -0.43 
n1 NW 31 12.73 11.06 1.15 0.06 
n2 NW 28 8.08 10.92 0.74 -0.13 
n3 NW 28 9.63 11.14 0.86 -0.06 
n4 NW 26 7.63 10.87 0.70 -0.15 
n5 NW 22 8.68 10.47 0.83 -0.08 
n6 NW 25 13.51 11.39 1.19 0.07 
n7 NW 23 11.27 10.87 1.04 0.02 
n8 NW 27 75.92 17.85 4.25 0.63 
K8 NW 21 13.28 16.14 0.82 -0.08 
n11 NW 20 7.28 10.66 0.68 -0.17 
i6 NW 41 11.50 11.63 0.99 0.00 
i9 NW 45 14.28 12.61 1.13 0.05 
i10 NW 46 9.64 11.93 0.81 -0.09 
i11 NW 46 9.45 12.21 0.77 -0.11 
i12 NW 43 16.31 15.44 1.06 0.02 
i13 NW 43 119.03 76.85 1.55 0.19 
i14 NW 40 10.59 11.65 0.91 -0.04 
i15 NW 40 14.46 16.42 0.88 -0.06 
i17 NW 38 38.92 20.15 1.93 0.29 
i18 NW 36 8.78 13.13 0.67 -0.17 
i20 NW 36 10.81 12.32 0.88 -0.06 
i25 NW 29 12.89 11.11 1.16 0.06 
i26 NW 31 10.85 11.00 0.99 -0.01 
i28 NW 34 24.06 10.92 2.20 0.34 
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Table C-5 (continued) Details of the corrected ratio 131I/137Cs in soil from measurement 
and from model (Equation 3-1) in the northwest area of Fukushima I NPSs. 
Code Direction 
Distance 
(km) 
Measurement Model 𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑅𝑚𝑜𝑑𝑒𝑙
 𝐿𝑜𝑔 (
𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
𝑅𝑚𝑜𝑑𝑒𝑙
) 
(Rmeasurement) (Rmodel) 
i29 NW 38 4.08 12.89 0.32 -0.50 
i30 NW 40 12.26 11.86 1.03 0.01 
i31 NW 38 14.93 12.89 1.16 0.06 
i32 NW 37 7.58 12.06 0.63 -0.20 
K1 NW 32 13.87 13.59 1.02 0.01 
K2 NW 30 12.86 13.26 0.97 -0.01 
K3 NW 28 19.06 20.15 0.95 -0.02 
K6 NW 27 14.40 11.41 1.26 0.10 
K7 NW 23 7.68 11.02 0.70 -0.16 
K9 NW 21 21.01 10.83 1.94 0.29 
K10 NW 24 27.57 16.14 1.71 0.23 
n10 NW 33 14.88 15.11 0.98 -0.01 
ed2 NW 26 21.56 13.63 1.58 0.20 
ed3 NW 29 5.60 12.04 0.46 -0.33 
ed4 NW 29 14.97 11.38 1.32 0.12 
ed10 NW 62 10.37 18.40 0.56 -0.25 
ed11 NW 26 28.25 31.51 0.90 -0.05 
im1 NW 42.12 11.34 10.68 1.06 0.03 
im2 NW 45.68 12.86 10.76 1.20 0.08 
im3 NW 46.1 11.98 10.88 1.10 0.04 
im4 NW 38.67 9.68 10.82 0.90 -0.05 
im5 NW 42.78 8.25 10.46 0.79 -0.10 
Note that the names of the deposition monitoring sites were show in Table C-2, Appendix C. 
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Table C-6 Mean radioactivity concentration of 137Cs in soil (with statistical parameters) in the near-zone of Fukushima I NPSs. 
Code Direction 
Distance 
(km) 
 Activity of 137Cs 
Mean S.E. S.D. %C.V. 
No. of 
samples 
p value in test of normality 
(Kolmogorov-Smirnov) 
2-4 N 24 2.2E+03 2.1E+02 1.8E+03 7.9E+01 71 0.130 
2-10 N 50 2.1E+02 - - - 1 - 
ms-8 N 20 1.6E+03 - - - 1 - 
ms-9 N 24 4.6E+03 - - - 1 - 
ms-10 N 21 3.0E+03 - - - 1 - 
2-4 N 24 2.6E+03 1.9E+02 1.2E+03 4.8E+01 44 - 
3-9 N 42 2.5E+03 6.0E+02 1.2E+03 4.7E+01 4 - 
3-10 N 32 3.8E+03 2.3E+02 1.3E+03 3.3E+01 29 - 
3-11 N 32 1.9E+03 1.6E+02 1.0E+03 5.5E+01 44 - 
39 N 41 4.1E+03 1.9E+02 1.2E+03 3.0E+01 40 - 
103 N 20 2.5E+03 7.4E+02 1.8E+03 7.1E+01 6 - 
3-16 N 45 3.5E+03 - - - 1 - 
2-1 NW 36 2.2E+04 2.3E+03 2.7E+04 1.2E+02 135 0.213 
2-2 NW 45 5.0E+03 3.6E+02 3.0E+03 6.0E+01 71 0.123 
2-8 NW 50 4.0E+03 2.9E+02 2.4E+03 5.9E+01 66 0.089 
ms-1 NW 33 6.4E+03 - - - 1 - 
ms-3 NW 36 1.2E+04 - - - 1 - 
ms-4 NW 27 1.8E+03 - - - 1 - 
ms-5 NW 25 1.2E+04 - - - 1 - 
ms-6 NW 21 5.0E+04 - - - 1 - 
ms-7 NW 22 1.1E+04 - - - 1 - 
ms-11 NW 29 9.9E+03 - - - 1 - 
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Table C-6 (continued) Average of radioactivity concentration of 137Cs in soil with statistic description at near-zone of Fukushima I NPSs. 
Code Direction 
Distance 
(km) 
Activity of 137Cs 
Mean S.E. S.D. %C.V. 
No. of 
samples 
p value in test of normality 
(Kolmogorov-Smirnov) 
ms-12 NW 32 1.5E+03 - - - 1 - 
kw-1 NW 42 4.0E+03 - - - 1 - 
kw-2 NW 42 3.0E+03 - - - 1 - 
kw-3 NW 40 7.3E+03 - - - 1 - 
kw-4 NW 37 7.4E+03 - - - 1 - 
kw-5 NW 34 1.3E+04 - - - 1 - 
kw-6 NW 33 4.1E+04 - - - 1 - 
kw-7 NW 45 4.2E+03 - - - 1 - 
kw-8 NW 43 5.7E+03 - - - 1 - 
kw-9 NW 43 6.9E+03 - - - 1 - 
kw-10 NW 42 7.2E+03 - - - 1 - 
ni-2 NW 36 3.3E+03 - - - 1 - 
1 NW 62 1.2E+04 8.5E+02 5.6E+03 4.5E+01 43 - 
2 NW 56 1.1E+04 2.8E+03 6.2E+03 5.5E+01 5 - 
3-1 NW 33 6.8E+04 4.5E+03 3.3E+04 4.8E+01 5 - 
3-2 NW 30 2.5E+04 2.4E+03 1.5E+04 6.2E+01 41 - 
3-12 NW 30 4.5E+04 7.5E+03 5.4E+04 1.2E+02 52 0.210 
3-13 NW 31 7.0E+04 5.7E+03 4.1E+04 5.9E+01 52 0.073 
3-14 NW 40 1.6E+04 1.1E+03 7.8E+03 4.7E+01 51 0.113 
37 NW 48 1.8E+04 2.0E+03 2.8E+03 1.6E+01 2 - 
79 NW 29 6.8E+04 3.8E+03 2.4E+04 3.5E+01 39 - 
83 NW 24 2.6E+05 2.6E+04 8.1E+04 3.1E+01 10 - 
101 NW 55 3.6E+03 5.9E+02 1.6E+03 4.4E+01 7 - 
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Table C-6 (continued) Average of radioactivity concentration of 137Cs in soil with statistic description at near-zone of Fukushima I NPSs. 
Code Direction 
Distance 
(km) 
Activity of 137Cs 
Mean S.E. S.D. %C.V. 
No. of 
samples 
p value in test of normality 
(Kolmogorov-Smirnov) 
102 NW 50 5.5E+03 6.7E+02 1.8E+03 3.2E+01 7 - 
107 NW 23 9.6E+03 6.1E+02 4.1E+03 4.3E+01 45 - 
108 NW 30 1.1E+04 5.1E+02 3.4E+03 3.2E+01 45 - 
i1 NW 39 3.2E+04 3.9E+03 9.5E+03 3.0E+01 6 - 
i2 NW 39 5.8E+03 3.4E+03 7.6E+03 1.3E+02 5 - 
i7 NW 42 1.9E+04 5.4E+03 1.2E+04 6.3E+01 5 - 
i8 NW 44 1.4E+04 2.4E+03 5.4E+03 3.8E+01 5 - 
i19 NW 38 2.1E+04 2.2E+03 4.9E+03 2.4E+01 5 - 
1-1 NW 46 7.1E+03 2.1E+03 3.6E+03 5.1E+01 3 - 
1-2 NW 40 1.9E+04 2.5E+03 3.5E+03 1.9E+01 2 - 
3-5 NW 47 7.7E+02 - - - 1 - 
K1 NW 32 1.4E+04 - - - 1 - 
K2 NW 30 1.6E+04 - - - 1 - 
K3 NW 28 3.4E+03 - - - 1 - 
K6 NW 27 5.5E+04 - - - 1 - 
K7 NW 23 9.2E+04 - - - 1 - 
K8 NW 21 1.3E+05 - - - 1 - 
K9 NW 21 6.7E+03 - - - 1 - 
K10 NW 24 4.6E+03 - - - 1 - 
n1 NW 31 8.6E+04 - - - 1 - 
n2 NW 28 1.1E+05 - - - 1 - 
n3 NW 28 7.7E+04 - - - 1 - 
n4 NW 26 1.2E+05 - - - 1 - 
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Table C-6 (continued) Average of radioactivity concentration of 137Cs in soil with statistic description at near-zone of Fukushima I NPSs. 
Code Direction 
Distance 
(km) 
Activity of 137Cs 
Mean S.E. S.D. %C.V. 
No. of 
samples 
p value in test of normality 
(Kolmogorov-Smirnov) 
n5 NW 22 4.1E+05 - - - 1 - 
n6 NW 25 5.6E+04 - - - 1 - 
n7 NW 23 1.2E+05 - - - 1 - 
n8 NW 27 4.8E+03 - - - 1 - 
n10 NW 33 6.7E+03 - - - 1 - 
n11 NW 20 2.0E+05 - - - 1 - 
i6 NW 41 4.4E+04 - - - 1 - 
i9 NW 45 2.2E+04 - - - 1 - 
i10 NW 46 3.4E+04 - - - 1 - 
i11 NW 46 2.8E+04 - - - 1 - 
i12 NW 43 7.9E+03 - - - 1 - 
i13 NW 43 2.8E+02 - - - 1 - 
i14 NW 40 4.3E+04 - - - 1 - 
i15 NW 40 6.3E+03 - - - 1 - 
i16 NW 40 1.2E+03 - - - 1 - 
i17 NW 38 3.4E+03 - - - 1 - 
i18 NW 36 1.7E+04 - - - 1 - 
i20 NW 36 2.6E+04 - - - 1 - 
i25 NW 29 8.0E+04 - - - 1 - 
i26 NW 31 9.5E+04 - - - 1 - 
i28 NW 34 1.1E+05 - - - 1 - 
i29 NW 38 1.9E+04 - - - 1 - 
i30 NW 40 3.6E+04 - - - 1 - 
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Table C-6 (continued) Average of radioactivity concentration of 137Cs in soil with statistic description at near-zone of Fukushima I NPSs. 
Code Direction 
Distance 
(km) 
Activity of 137Cs 
Mean S.E. S.D. %C.V. 
No. of 
samples 
p value in test of normality 
(Kolmogorov-Smirnov) 
i31 NW 38 1.9E+04 - - - 1 - 
i32 NW 37 3.1E+04 - - - 1 - 
ed2 NW 26 1.4E+04 - - - 1 - 
ed3 NW 29 3.1E+04 - - - 1 - 
ed4 NW 29 5.7E+04 - - - 1 - 
ed10 NW 62 4.4E+03 - - - 1 - 
ed11 NW 26 1.3E+03 - - - 1 - 
im1 NW 42 1.9E+05 - - - 1 - 
im2 NW 46 1.5E+05 - - - 1 - 
im3 NW 46 1.2E+05 - - - 1 - 
im4 NW 39 1.3E+05 - - - 1 - 
im5 NW 43 4.4E+05 - - - 1 - 
2-6 S 43 9.6E+02 7.8E+01 6.5E+02 6.8E+01 69 0.075 
3-7 S 23 2.2E+03 1.6E+02 9.8E+02 4.4E+01 36 - 
3-15 S 23 1.2E+03 4.2E+02 7.3E+02 5.9E+01 3 - 
38 S 34 2.7E+03 5.9E+02 3.5E+03 1.3E+02 35 - 
72 S 31 2.0E+03 2.1E+02 4.2E+02 2.2E+01 4 - 
73 S 35 1.1E+03 1.2E+02 2.4E+02 2.2E+01 4 - 
74 S 36 4.7E+02 8.3E+01 1.7E+02 3.5E+01 4 - 
75 S 43 1.1E+03 1.6E+02 3.1E+02 2.8E+01 4 - 
84 S 39 7.2E+02 5.1E+01 2.9E+02 4.0E+01 32 - 
106 S 30 1.2E+03 9.1E+01 1.8E+02 1.6E+01 4 - 
ed13 S 44 7.4E+01 - - - 1 - 
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Table C-6 (continued) Average of radioactivity concentration of 137Cs in soil with statistic description at near-zone of Fukushima I NPSs. 
Code Direction 
Distance 
(km) 
Activity of 137Cs 
Mean S.E. S.D. %C.V. 
No. of 
samples 
p value in test of normality 
(Kolmogorov-Smirnov) 
ed14 S 29 7.3E+02 - - - 1 - 
2-5 SW 39 8.0E+02 8.3E+01 7.0E+02 8.8E+01 72 0.180 
4-1 SW 80 2.8E+03 3.7E+02 1.5E+03 5.5E+01 17 - 
4-2 SW 60 1.3E+03 1.1E+02 4.7E+02 3.7E+01 17 - 
4-4 SW 70 2.0E+03 3.0E+02 1.2E+03 6.3E+01 17 0.227 
4-5 SW 80 3.3E+03 3.8E+02 1.5E+03 4.6E+01 16 0.135 
76 SW 22 1.5E+03 7.4E+01 4.7E+02 3.1E+01 41 0.360 
111 SW 28 1.3E+03 - -  1 - 
114 SW 26 6.2E+03 - -  1 - 
ed7 SW 23 1.3E+03 - -  1 - 
ed15 SW 31 1.3E+03 - -  1 - 
2-3 W 41 7.8E+02 7.0E+01 5.9E+02 7.5E+01 71 0.123 
2-7 W 34 1.4E+04 1.1E+03 9.1E+03 6.3E+01 65 0.131 
2-9 W 45 1.2E+04 8.8E+02 7.1E+03 6.0E+01 65 0.113 
4-3 W 60 2.6E+03 3.5E+02 2.5E+03 9.7E+01 52 0.208 
3-3 W 32 3.0E+03 1.9E+02 1.3E+03 4.2E+01 43 0.104 
3-6 W 32 1.0E+04 8.0E+02 5.6E+03 5.6E+01 49 0.082 
104 W 25 1.0E+04 6.5E+02 4.2E+03 4.0E+01 42 0.134 
105 W 21 2.3E+03 2.2E+02 4.4E+02 2.0E+01 4 0.382 
113 W 25 1.7E+04 5.1E+03 2.1E+04 1.2E+02 16 0.272 
13 W 37 1.2E+03 - - - 1 - 
3-4 W 43 8.6E+03 - - - 1 - 
110 W 25 5.4E+03 - - - 1 - 
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Table C-6 (continued) Average of radioactivity concentration of 137Cs in soil with statistic description at near-zone of Fukushima I NPSs. 
Code Direction 
Distance 
(km) 
Activity of 137Cs 
Mean S.E. S.D. %C.V. 
No. of 
samples 
p value in test of normality 
(Kolmogorov-Smirnov) 
181 W 25 1.2E+03 - - - 1 - 
K4 W 28 1.9E+04 - - - 1 - 
K5 W 29 6.6E+03 - - - 1 - 
K11 W 21 7.0E+03 - - - 1 - 
ed1 W 4.4 1.9E+05 - - - 1 - 
ed5 W 35 3.4E+02 - - - 1 - 
ed6 W 22 1.0E+03 - - - 1 - 
ed8 W 25 4.9E+03 - - - 1 - 
ed9 W 48 1.2E+03 - - - 1 - 
ed12 W 60 4.6E+03 - - - 1 - 
Note that the names of the deposition monitoring sites were show in Table C-2, Appendix C. 
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(a) 134Cs in predatory fish 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D-1 Predictions of concentration (Bq/kg) in predatory fish at all eight rivers 
around Fukushima I NPSs, (a) 134Cs in and (b) 137Cs. 
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Figure D-1 (continued) Predictions of concentration (Bq kg-1) in predatory fish at all 
eight rivers around Fukushima I NPSs, (a) 134Cs in and (b) 137Cs.  
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Figure D-2 Predictions of concentration (Bq kg-1) in non-predatory fish at all eight rivers 
around Fukushima I NPSs, (a) 134Cs in and (b) 137Cs. 
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Figure D-2 (continued) Predictions of concentration (Bq kg-1) in non-predatory fish at all 
eight rivers around Fukushima I NPSs, (a) 134Cs in and (b) 137Cs. 
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Figure D-3 Predictions of concentration (Bq kg-1) of 131I in both predatory and non-
predatory fish at all eight rivers around Fukushima I NPSs. 
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Figure D-4 Results of radioactivity concentration (Bq kg-1) in fish at Iitate Lake.
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Figure D-5 Results of the model of radioactivity concentration (Bq kg-1) in water and 
fish at Teganuma Lake. 
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Figure D-6 Results of the model of radioactivity concentrations (Bq kg-1) in water and 
fish at Kasumigaura Lake. 
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Appendix E Equilibrium of the short half-life nuclides 
 
 
 
Figure E-1 Estimating the duration time to reach the equilibrium of the short half-life 
nuclides. 
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